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Modern electronic devices based on inorganic semiconductors such as silicon have reached a very high 
level of finesse.  However while functionality has increased tremendously, progress in large area integration 
has been more limited due to the unfavorable size–cost scaling in this industry.  The advent of solution-
processable plastic electronics based on polymer organic semiconductors (OSCs) in the early 1990s 
provided a needed paradigm shift in both materials and processing.  This has opened the way to the 
development of low-cost large-area electronics that are manufacturable using materials- and energy-
efficient sustainable processes.  Sufficient advances have occurred in both materials and device 
performances to thus enable a fledgling industry to take off.  In the next phase of research activities, it will 
be important to increase the sophistication of heterostructures for these devices in order to make further 
progress.  This has been hampered previously by the dissolution of the underlayers unless orthogonal 
solvents are used.  Therefore work in this thesis has focused on heterostructures fabricated with a 
photocrosslinking step to circumvent the dissolution problem.  As a consequence, not only the traditional 
planar type heterostructures are possible, but also the novel nanotextured types due to the soft nature of 
these OSCs.  Performance gains across both polymer organic light-emitting diodes (OLEDs) and organic 
photovoltaic (OPV) solar cells have been measured.  Furthermore the use of chemical doping to create 
ultrahigh work function heterostructures and ohmic contacts has also been demonstrated. Thus new 
opportunities for the design and control of plastic electronic devices have been opened.     
 
In Chapter 2, an azide photocrosslinking methodology that is compatible with polymer OSC thin films is 
reported.  A new class of sterically-substituted bis(fluorophenyl azide)s (FPA) has been developed to 
enable deep-ultraviolet photocrosslinking of polymer films at will without significant degradation of their 
sensitive (opto)electronic semiconducting properties. This crosslinking process has been monitored by gel 
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characteristic measurements, and Fourier-transform spectroscopy and the quality of the crosslinked films 
have been checked by photoluminescence yield measurements which are very sensitive to the presence of 
exciton traps.   
 
In Chapter 3, several practical heterostructures have been demonstrated for use in polymer OLEDs, solar 
cells, and organic field-effect transistors.  A separate-confinement-heterostructure LED based on transport 
energy mismatch has been found to help impose nearly perfect recombination of electrons and holes in the 
LED.  Two new contiguous polymer donor–acceptor heterostructures have also been demonstrated based 
on: (i) acceptor infiltration into a crosslinked polymer gel network, and (ii) backfilling of a crosslinked 
poriferous polymer layer.  These overcome the internal recombination losses in previous “bulk distributed 
heterostructures” in polymer solar cells, because they impose by design built-in carrier path continuity.  The 
further elaboration of these self-organised and hence potentially manufacturable heterostructures will be 
very interesting.  
 
In Chapter 4, the existence of air-stable solution-processable p-doped polymer films with work function 
larger than 5.6 eV has been demonstrated, using high ionisation potential materials, such as the 
triphenylamine–fluorene and N,N,N’,N’-tetraphenylphenylenediamine–fluorene copolymers. These 
materials can provide ohmic heterostructure contact for hole injection into deep ionisation-potential 
polymers, such as poly(9,9-dialkylfluorene) (F8), which are important host models for deep-blue emitters.  
New findings suggest that the previous understanding is incomplete. For example, the doped contacts can 
exhibit ohmic injection despite large apparent hole-injection barrier as deduced from low built-in potentials 
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Chapter 1 Introduction 
 
 
1.1  Organic semiconductors 
 
Organic semiconductors (OSC) are a class of materials with a π-electron system comprising alternating 
double and single bonds along the molecular plane based primarily on a carbon molecular framework.  
Although this framework comprises mainly of carbon atoms, other heteroatoms such as nitrogen, oxygen 
and sulfur are possible, and have been introduced to achieve particular electronic, transport and optical 
properties.  If these atoms are part of the π-electron system, they are substantially sp2 hybridised with their 
pz orbitals overlapping to produce the π bonding and π* antibonding molecular orbitals directed 
perpendicular to the molecular plane.1  As a result, the π-electron wavefunctions are delocalised over the 
molecule with large amplitudes above and below the molecular plane.  This delocalisation of the 
π electrons causes the formation of an intramolecular π band and π* band each with a width of several eV.   
As a consequence this raises the energy of the highest-occupied-molecular-orbital (HOMO) and lowers the 
energy of the lowest-unoccupied-molecular-orbital (LUMO), compared to an isolated π electron pair in a π 
bond.  In the solid state, these energies are further shifted and broadened by solid-state polarisation effects.  
The edges of the HOMO and LUMO bands provide the reference energy location for charge injection and 
transport in the solid state.  The widespread use of ultraviolet photoemission spectroscopy has allowed an 
operational definition of the HOMO band edge energy as the “onset” of photoemission that is extrapolated 
usually from the inflection of the leading band edge.  In contrast the LUMO band edge is much less reliably 
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obtained by inverse photoemission experiments.  The HOMO and LUMO edges are where injected holes 
and electrons reside.  Nevertheless charge injection can also take place into the distribution of states 
available away from these edges.  In particular charge transport is primarily by hopping of the charge 
carriers in their respective electron or hole density-of-states that are derived from the spread of the relevant 
frontier bands.  The energy difference between the HOMO and LUMO edges is often referred to as the 
π−π∗ gap, which is analogous to the energy separation between the valence and conduction band in 
inorganic semiconductors. However a distinction should be made between the single-particle gap between 
uncorrelated electrons and holes, which is what this gap describes, and the π−π∗ exciton gap, which is the 
energy difference between the correlated electron and hole in their lowest energy state.  This latter gap is 
smaller than the former by the exciton binding energy, which is an elusive quantity now widely believed to 
be of the order of half an eV.  The π−π∗ gap can be fine-tuned with chemistry by altering the aromatic 
backbone and the substituent groups. This offers a degree of freedom for controlling their semiconductor 
properties and immense opportunities and flexibilities for creating “designer” materials for specific device 
applications.  However this also rapidly expands the materials set available, and so the possibility or 
motivation to study each of these in detail diminishes accordingly. 
 
π−conjugated materials can be broadly classified into small molecules, oligomers and polymers. Small 
molecule OSCs such as pentacene and perylene are usually deposited by vacuum techniques, although 
there is a lot of current interest to make solution-processable variants of them. Vacuum deposition tends to 
limit scalability for manufacturing, due to the inherent limitations of shadow masks required for patterning. 
π−Conjugated oligomers with the incorporation of side-groups or end-groups of alkyl chains have improved 
solubility in organic solvents and are thus amenable to solution processing. Solution-processable oligomers 
appear to be easier to process due to their higher solubility, lower viscosity, ease of crystallisation and the 
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higher purity and materials batch consistency, as compared to polymers. However, some oligomers have 
the tendency to form large crystals and rough films when the films re-crystallise, which may be undesirable 
if this leads to large sample-to-sample and device-to-device variations in their (opto)electronic properties.  
Polyacetylene which has the chemical structure (C2H2)n is the simplest example of a π-conjugated 
polymer. This material however is chemically unstable due to ease of oxidation.  It is also intractable, and 
therefore mainly of historical interest.  Much more important families of π-conjugated polymers comprise 
those in which the aromatic units are linked by single bonds. The aromatic units in classical chemistry way 
of representation typically have a ring of six π-electrons.  π−Conjugated polymers, such as poly(3-
alkylthiophene), poly(9,9-dialkyfluorene) and poly(p-phenylenevinylene) and their copolymers and 
derivatives, can form stable and smooth films that are readily deposited from solutions using spin-coating, 
inkjet printing and other forms of printing techniques, and hence have attracted much interest. 
 
1.2  Doping of organic semiconductors 
 
π-conjugated OSCs are intrinsically relatively wide-gap insulators (usually above 1.5 eV).  The 
delocalisation of the π-electrons does not in itself make the material a conductor because the energy gap 
prevents the electrons from gaining momentum from the external field.  In other words, the electrons have 
no vacant states very nearby in energy to be promoted into.  When charge carriers (electrons and/or holes) 
are introduced into the OSCs however, such as by chemical doping, photo-generation, injection or field-
effect, the material becomes a conductor that can sustain electrical current.  This property of OSCs 
accounts for their most important applications in solar cells2-4, light-emitting diodes5-7 and transistors8-10.  
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Thermal generation of charge carriers to produce an intrinsic carrier density is not a significant carrier-
generation mechanism for OSCs compared to Si devices, because of their considerably larger π–π* gap.   
 
OSCs have generally lower mobility compared to that of inorganic semiconductors. Their electrical 
conductivity can increase by several orders of magnitude by doping.11 Shirakawa et al12 noted that by 
doping polyacetylene with bromine, its conductivity rose by several orders of magnitude. Doping increases 
the carrier density and creates space charge layers at interfaces to enhance carrier injection under bias. 
Doping a π−conjugated material with a suitable electron acceptor or electron donor produces holes or 
electrons respectively on the OSC.  The doping mechanism in OSC is a charge-transfer process that 
produces partially oxidised or reduced material that becomes p- or n-doped respectively.  
 
Charge carriers in these OSCs are different from their inorganic semiconductors. The charge carriers are 
not free but are coupled to the lattice deformation.  Traditionally solitons, polarons and bipolarons have 
been delineated depending on the doping states and the chemical structure and type of OSCs.  Consider 
the case of a ground-state degenerate π−conjugated polymer such as polyacetylene (PA). PA in the 
ground state is considered “degenerate” because it can exist in the ideal chain in either of two energetically 
equivalent resonant forms which differs in the alternate placement of the double bonds.  These two states 
have the same energy. The introduction of an electron results in the formation of a negative carbanion state 
on the chain, with an attendant “flipping” of the single and double bonds in half of the chain segments.  This 
now results in a soliton.  For chemical doping to significant concentrations, the formation of this negative 
soliton is accompanied by the concurrent insertion of cations to preserve charge neutrality. Poly(9,9-
dialkylfluorene) (F8) is an important model for the other class of non-degenerate conjugated polymers, 
which is far more important than the degenerate PA. F8 unlike PA has a non-degenerate ground-state 
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which exists in the benzenoid form.  The benzenoid form is one in which aromaticity tendencies of the OSC 
are satisfied, e.g., by the formation of aromatic rings connected by a bond that is primarily single-bond in 
character.  Flipping the single to double bond results in a distinctly different quinoid structure that is 
energetically unfavorable in the ground-state, but becomes the favorable structure in the excited state or 
charged state. The addition of an electron to this polymer causes the formation of a radical anion, which 
becomes stabilised or self-trap by a local inversion of the single and double bonds.  This can be readily 
understood from the molecular orbital wavefunctions.  The LUMO has got electron-density nodes in the 
aromatic rings and antinodes in-between rings.  This causes the electron density to pile up between the 
rings and shorten the bond length there.  A similar picture holds for the radical cations.  Therefore charging 
of these non-degenerate polymers lead to a change in the local bond orders that is often characterised as a 
benzenoid to quinoid transformation.  An example of such structures computed by semiempirical quantum 
chemical calculations will be discussed in Chapter 4.  Because of this lattice relaxation, the charge is   
commonly referred to as a polaron. The formation of this polaron causes a quinoid type bond-order 
sequence within the polymer chain localised by the usual benzenoid sequence outside of the polaron. 
Further removal of an electron may result in either the formation of another polaron or the formation of a 
bipolaron (i.e. a dication). Doping in such systems creates a pair of gap states near the band edge as 
opposed to the degenerate systems where a state would be formed in the middle of the band gap. 
Polymers can be n- and p- doped to create negative and positive polarons as charge carriers.  
 
Chemical and electrochemical doping of polymers have been reported and carried out to varying degrees 
of success by an immense literature. In particular p- doping has been demonstrated rather successfully but 
n-doping is still challenging because of the instability of the n-doped form and the paucity of stable 
dopants.13  Nevertheless the integration of doped layers into devices has been hampered by the present 
need for orthogonal solvent processability.  The development of a general photocrosslinking methodology 
6 
 
described in Chapters 2 and 3 here considerably lifts this limitation, and so we are able to begin to explore 
now in a general way the effects of incorporating carefully designed doped layers as carrier-injection layers, 
and their physics.  Although much has been written about the p-doped conducting polymer field, in fact it is 
still rather immature when it comes to the understanding and control of these doped layers for device 
applications.  This thesis presents a step in this direction.  
 
1.3  Polymer light-emitting diodes 
 
Electroluminescence of polymeric organic semiconductors has attracted a lot of interest in the field of 
organic light emitting diodes since their discovery in 1990 by Burroughes et al.5 Polymer OLEDs have 
attracted much interest in particular because they offer the possibility of making large area displays by 
simple solution processable methods such as spin coating and large area printing, e.g. ink-jet 
printing.9,14  These can be used as large-area energy-efficient light-emitting panels for solid-state lighting, 
and also as the emissive pixels in large-area displays.  Their low-cost and environmentally-friendly 
manufacturing process together with the possibility to upscale to very large substrates provide the key 
advantages of this technology.  Materials are deposited where they are needed without requiring high 
temperatures as compared to inorganic ones which requires high temperatures with numerous steps in a 







1.3.1 Structure and operation of a polymer light-emitting diode 
 
In the earliest devices, a film of light-emitting polymer (LEP) typically is deposited over a transparent anode 
usually made of indium-tin oxide (ITO) that is coated over glass, or other transparent substrates, followed 
by a film of the cathode metal.  To improve their energy efficiency and electroluminescence characteristics 
these days, one or more other layers such as a hole-transporting layer (HTL) are also incorporated into the 
device. During device operation, electrons are injected from the cathode to the LUMO while holes are 
injected from the anode to the HOMO of the light-emitting polymer (LEP) semiconductor. ITO has a suitable 
work-function which makes it an appropriate material for hole-injection into the LEP. The downside of using 
ITO as the anode is that its work-function is not well defined, ranging from 4.5 to 4.9 eV depending on the 
pre-treatment of the surface, also ITO deposited via sputtering is relatively uneven, with a mean roughness 
of 3 nm. For the cathode, typically low work function metals film such as Ca, Ba or LiF/Al are thermally 
evaporated onto the polymer layers such that the smooth finish of the metal reflects light impinging on its 
surface through the anode. The metal is chosen such that its work function is sufficiently low to match the 
LUMO of the LEP. This facilitates better electron-injection into the LEP. The recombination of electrons and 
holes occurs in the LEP to give light. The LEP is typically sandwiched between a hole-injecting layer that is 
just next to the anode and the metal cathode. The cross-sectional view of a standard PLED device is 
shown in Figure 1.1. The wavelength of emission is determined by the exciton energy which is controlled by 
the π-π* energy gap which is dependent on the chemical structure of the LEP. For example for emission in 
the green, the emission energy gap is designed to be 2.25 eV; for emission in the blue, the energy gap is 
designed to be 2.85 eV.  For white-light emission, usually three or more emitters are used roughly emitting 
in the blue, green and red, so that the combined spectrum is broadband that appears white to the eye. The 
main issue in white emission is the energy transfer among the various components. The energy transfer 
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has to be controlled to achieve colour balance and colour stability as well as high efficiency since all 
colours should appear in the electroluminescence spectrum. In some state-of-the-art LEPs, the LEP itself is 
a complex finely tuned co-polymer of various emitters, and hole- and electron-transporting moieties. 
  
 
Figure 1.1 Cross-section of a 2-layer state-of-the-art PLED. 
 
1.3.2 Hole-injection layer: Poly(3,4-ethylenedioxythiophene): poly(styrene sulfonic acid) 
 
The most commonly used HIL at present is poly(3,4-ethylenedioxythiophene): poly(styrene sulfonic acid) 
(PEDT:PSSH) which is a commercially available p-doped conducting polymer.15-17 This layer facilitates hole 
injection from ITO to the HOMO of the LEP.   The HIL serves as an intermediate conducting layer to bridge 
the energy difference between the bare ITO and the HOMO of the LEP.  Besides serving the above 
mentioned functions, PEDT:PSSH having a well-defined work function of 5.2 eV18 pegs the Fermi level of 
the ITO anode at this level while planarizing the rough ITO surface. This undermines the maximum 
efficiency of organic light-emitting diodes and improves device lifetime and efficiency. PEDT:PSSH which is 








Although PEDT:PSSH is commonly used as the HIL in devices, it has been observed that the polymer 
blend is electrically unstable under high potential bias.19 Recently a conductor–to–insulator transition has 
been observed in PEDT:PSSH after intense electrical operation. This has been demonstrated to be caused 
by injection–induced dedoping due to irreversible electron trapping that begins at the cathode interface.20 
We have also shown that even at much lower current densities corresponding to lower electric fields in the 
PEDT:PSSH layer, an electromigration of the PEDT+ to the cathode interface occurs after prolonged device 
operation.21  PEDT:PSSH with work function of 5.2 eV makes hole injection into deep ionisation potential 
(Ip) LEPs (Ip > 5.5 eV) inefficient. This causes a significant barrier and voltage drop at the interface when 
injecting into deep HOMO materials such as polyfluorenes at 5.8 eV.  
 
The work function of PEDT:PSSH  can be systematically tuned over an eV-wide range by exchanging 
excess matrix protons with spectator cations, without altering the organic semiconductor doping level or 
polaron density.22 This change in work function is due to a shift in the Madelung potential set up by the local 
counter and spectator-ion structure at the polaron sites. The shift in work function is to lower values which 
makes PEDT:PSSH still not practical for deep Ip material.  Nonetheless, to come up with a polymer with 
physical, chemical and electrical properties that can match up to that of PEDT:PSSH is no easy feat. 
 
1.3.3 Challenges for higher efficiency polymer light-emitting diodes 
 
In a simple picture of the essential device physics of polymer OLEDs, four key processes are involved in 
electroluminescence.  First, holes and electrons are injected into the edge of the HOMO and LUMO of the 
LEP respectively from the anode and cathode contacts. Figure 1.2 shows a simple energy level diagram 
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illustrating the injection of charge carriers from the electrodes. The electron and hole are transported 
through the film from opposite contacts.  They recombine where they meet to form an exciton, i.e., an 
excited state of the LEP.  Finally, this exciton can decay radiatively to the ground state to emit light.  The 
key challenges for the device physics of polymer OLEDs therefore lie in the understanding and optimisation 
of each of these four steps:  improving carrier injection efficiency, carrier transport and mobility, carrier 
recombination efficiency, and the radiative fraction of excitons.6  This thus include factors such as good 
balancing of electron and hole currents, efficient capture of electrons and holes within the emissive layer. 
The greatest electroluminescence efficiencies are realised when the electron and hole currents are 
approximately equal, and this requirement is best achieved by using heterostructures. The use of multi-
layer systems in which the hole-transport, electron-transport, and emitting functions are carried out by 
specialised layers can produce even higher quantum efficiencies. Also recombination should not take place 
too close to the cathode as the cathode will result in the quenching of the excitons. The efficiency in an 
OLED can be improved by tailoring the polymer structure in a way to push the recombination zone far away 
from the cathode and near the position of maximum constructive interference. Figure 1.3 shows the cross 
section of an idealised PLED structure with 5 functional layers to provide confinement of the injected 





Figure 1.2 Energy level diagram illustrating barrier at hole-injection and electron-injection contacts. 
 
 
Figure 1.3 Cross-section of a multilayer PLED with different functional layers to improve electron and hole 
recombination efficiencies. 
 
This motivation comes also from the advances achieved in evaporated OLEDs which have used more 
sophisticated multi-layers that are deposited by sequential evaporation.7,13  The solution-processing 
advantage of polymer OLEDs however renders the task of fabricating multi-layer devices using polymers 
far more challenging.  The solvents used for the alternating polymer layers must not dissolve the previously 
Hole injection barrier



















hole & exciton block
electron & exciton block
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deposited polymer. Various efforts have been devoted to achieve this goal or to circumvent the problem 
altogether. These approaches include carefully designed polymers with polar groups to improve solubility in 
polar solvents, modifying polymers into polyelectrolytes in order to assemble the HTL layer by layer, adding 
crosslinkable functional groups in the polymer backbone to promote inter-chain linking,23,24 using a system 
of orthogonal solvents,25,26  carefully selecting polymer-solvent combinations which will not dissolve the 
previously deposited layer,27,28 as well as hard-baking the polymer interlayer29. More complex device 
structure can now be achieved by introducing bis(fluorinated phenyl azide) crosslinkers.  
 
If higher finesse in polymer organic heterostructures can be achieved, we should be able to improve the 
quality of the injection contact while blocking electron leakage. This will allow for more energy-efficient and 
more robust devices which is speculated to improve with sufficient confinement of electron to the active 
layer to reduce electron damage that impacts device performance loss over time. These heterostructures 
are also applicable to photovoltaics30 and field-effect transistors31.  
 
 
1.4  Doped transport layers 
 
In the operation of PLED and organic photovoltaic cells (OPV), charge carrier transport in the thin films to 
and away from the active layer is an important process. To improve the efficiency of this transport, low 
ohmic loss at the contacts to facilitate carrier injection from or extraction to the contacts and highly 
conductive transport layers are necessary. Efficient injection or extraction of carriers requires low energetic 
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barriers or thin space charge layers. Controlled and stable doping is therefore desirable for the realisation 
of this and the improved efficiency of these organic devices.  
 
Doping of organic semiconductors to make p–i–n structures has been extensively studied in small molecule 
systems as a way to reduce the resistance of thick transport layers.7,13,32 Small molecule p–i–n 
structures33,34 have been fabricated and shown to have high efficiencies. In small molecules, because the 
layers are evaporated, they can be readily doped by co-evaporation of a molecular dopant together with the 
hole or electron transport layers. Small molecules like 1,4,5,8-naphthalene-tetracaboxylic-dianhydride 
(NTCDA), tris(thieno)hexaazatriphenylene (THAP), phthalocyanines have been successfully doped by co-
evaporation of the organic matrix and the dopants like 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ)35, cobaltocene36 and pyronin b37. Solution p–type doping using F4-
TCNQ has also been demonstrated38,39 for some conjugated polymers.  
 
n-type doping of organic semiconductors is usually more difficult because carbanions are inherently 
unstable.40 There is also a limited choice for suitable reductants. The most common n-dopants used are 
alkali metals. They can be deposited by thermal evaporation or by the decomposition of alkali halides at the 
interface.41 Chemical n-type doping of polymers was first reported for polyacetylene which was doped using 





Figure 1.4 Optical transmission spectra for F8BT, p-doped F8BT and n-doped F8BT made by contact doping. 
 
p–i–n junctions based on a single polymer semiconductor has been impossible owing to the challenges of 
depositing multilayers of the same polymer without dissolving the underlying films and also of keeping the 
p- and n-dopant profiles separated. Another general challenge is doped polymers are often not soluble in 
organic solvents. Recently, we demonstrated both p- and n-doping of poly(9,9-dioctylfluorene-2,7-diyl–
benzo-2,1,3-thiadiazole-4,7-diyl) (F8BT) in a device structure to demonstrate a p–i–n light-emitting diode.43 
We achieved this by contact doping of the deposited polymer film with the dopants.  
 
If one succeeds in shifting the Fermi level towards the transport states, this could reduce ohmic losses and 
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Chapter 2  
 
Sterically-hindered bis(fluorophenyl azide)s photocrosslinking methodology 
 
In this chapter, a versatile azide photocrosslinking methodology for polymer organic semiconductor (OSC) 
thin films using bis(fluorophenyl azide)s (FPAs) as deep-UV sensitive photocrosslinker additives is 
described and characterised.  The methodology is simple: the polymer thin films are spun or printed from 
solutions containing FPA at the desired concentration, and then crosslinked by exposure to deep UV 
through a non-specific nitrene insertion mechanism that occurs most desirably on CH2 groups.  The key 
advantages of this methodology are (i) low crosslinker density needed, and (ii) wide compatibility with a 
variety of polymer OSCs films such as of p-phenylenevinylenes, fluorene copolymers and thiophene 
copolymers without causing significant degradation of their semiconductor properties.  This overcomes a 
critical bottleneck to the development of more sophisticated polymer semiconductor heterostructures 
beyond those accessible by the use of orthogonal solvents alone.  This chapter demonstrates that the 
photocrosslinking efficiency is high, and the molecular structure of the FPA can be designed with steric 
substitution to enhance the desired alkyl side-chain insertion over polymer-chain insertion reactions.  The 
photocrosslink concentration dependence of photoluminescence quenching and charge-carrier trapping, 
and also Fourier-transform infrared spectroscopy of photo-reaction yields in thin films, together reveal that 





2.1.1  The FPA photocrosslinking methodology 
 
The development and control of heterostructures to manipulate charge carriers, excitons and photons is 
central to the continued technological and scientific advances of polymer OSC devices of all types, 
including organic light-emitting diodes (OLEDs), organic photovoltaics (OPVs) and organic field-effect 
transistors (OFETs).  This is a particular challenge for solution-processed polymers because of the 
potential for dissolution of the underlayers during the deposition of the subsequent layers.  For some time 
already, it was thought that photo- or thermal-crosslinking could provide a solution.  The standard approach 
is to incorporate crosslinkable functional groups into the polymer chains during synthesis.  Therefore 
polymer OSCs bearing crosslinkable side-chains such as epoxy,1-3 or end-groups,4,5 have thus been 
extensively investigated. However this approach has proven to also be very challenging.  Synthesis of the 
required crosslinkable polymers is very chemistry intensive and thus not suitable for rapid prototyping. 
Furthermore, some results have indicated that the crosslinked films show poorer charge-transport and 
luminescence properties, due perhaps to the very high concentrations of crosslinking moieties that perturb 
polymer-chain packing, and/or the occurrence of “stranded” reactive groups.  The alternative methods to 
form heterostructures based, for example, on orthogonal solubility,6  precursor polymers,7 layer-by-layer 
polyelectrolyte assembly,8 or de-mixing of polymer mixtures,9 are unfortunately highly materials specific.  
Therefore it is very useful to develop a widely applicable photocrosslinking methodology for polymer OSCs 




Bis(phenyl azide)s are one of the few classes of compounds that can be used as photocrosslinkers to give 
negative-type resists when formulated into polymers.10 Although their photo-speed is good, typically 20–
100 mJ cm–2 at deep UV (DUV) 254 nm wavelength, their efficiency is modest, and high concentrations 
above 10 w/w% are often required (“w/w” in this report stands for weight ratio of crosslinker to polymer).11 
Thus while bis(phenyl azide)s may be fine for photoresist applications, they are not suitable for organic 
semiconductor devices because of perturbation of polymer-chain packing and the occurrence of crosslink 
defects, such as the ring-expanded ketenimine side products and triplet-derived azo products, that can act 
as electronic traps.   
 
It has been well-established that the photoexcitation of the π–π* band of the phenyl azide causes 
photolysis to eject N2 to generate an electron-deficient singlet nitrene.  This nitrene can participate in a 
variety of electrophilic and insertion reactions.  It can also ring-expand to ketenimine12-14, or intersystem-
cross to the triplet nitrene. The extents of each of these reactions depend strongly on the azide, substrate 
and conditions 15,16. The ketenimine intermediate can take part in nucleophilic addition reactions with 
certain electron-donor functional groups (such as sulfur addition and alkene cycloaddition) on the polymer 
chain to give crosslinks.  Nevertheless this is undesirable because it perturbs the electronic structure of the 
polymer which can then lead to luminescence quenching or charge-carrier trapping.  On the other hand, the 
triplet intermediate can induce crosslinks only when it generates polymer free radicals that later recombine. 
Both of these pathways compete against the desired crosslink-producing reactions, thereby increasing 
unnecessarily the crosslinker concentrations required. Figure 2.1 shows an overview of the possible 
reactions of photogenerated nitrenes in polymers.    
22 
 
Recent fundamental studies14,17-19 have however shown that o-substitution of the phenyl ring by F atoms 
together with p-substitution by electron-withdrawing groups such as carbonyl20 significantly slows down ring 
expansion and intersystem crossing to the 300–500-ns timescale,20 which gives sufficiently long-lived 
singlet nitrenes for insertion reactions, as well as ylide formation with some nucleophiles.14,17,20-22 This has 
led to the development of efficient photoaffinity labels,14,21,23 photo-crosslinkers22,24 and photo-surface-
grafting agents.25  We call this the fluorinated phenyl azide (FPA) methodology to acknowledge the 
important role of the o-F atom to suppress ketenimine formation. 
 
 































We focused on developing the FPA methodology because unlike other crosslinking methodologies that 
require specific reaction chemistry to form crosslinks, the non-specific nature of the nitrene insertion 
mechanism and its unique ability to form crosslinks to the “inert” alkyl side-chains that are abundantly 
present on the polymer OSC is highly desirable. This avoids the need for high crosslinker concentrations, 
and the problems associated with reaction side-products. 
 
Furthermore, absorption of the FPA core lies at 245–265 nm, where most of the polymer OSCs are 
transparent due to the transparency window between the long-axis and short-axis absorption of the 
polymer chains.  Therefore deep photocrosslinker can be achieved without high exposure doses, which can 
be undesirable because of the possible photo-oxidation of some polymer OSCs.   
 
Nevertheless, the nitrenes can also insert into the aromatic CH bonds on the polymer main chain which 
would be undesirable.  In the course of this work, we show that this can be suppressed sufficiently by steric 
substitution at the m-position of the phenyl ring. 
 
2.1.2  The FPA photocrosslinker development roadmap 
 
An early part of my work was in the development of water- and alcohol-soluble ionic FPA crosslinkers that 
are compatible with polyelectrolyte films.26,27  These crosslinkers comprised two 4-azido-2,3,5,6-
tetrafluorophenyl moieties joined together at the 1-position by a bridge that contains a quaternary 
ammonium group, and were synthesized in-house by S.H. Khong.  An example is (N,N-dimethyl-N,N-
dipropylene bis(4-azido-2,3,5,6-tetrafluorobenzamide) ammonium triflate salt (AAA) [see Figure 2.2 for 
chemical structure].26 This family of photocrosslinkers can be used to photocrosslink and photo-pattern the 
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electrically-conducting polyelectrolyte poly(3,4-ethylenedioxythiophene: polystyrenesulfonic acid) 
(PEDT:PSSH) and other polyelectrolytes upon 254-nm exposure through a suitable mask.  PEDT:PSSH is 
an important model of a degenerately p-doped electrically-conducting polymer electrolyte that is in 
widespread use, for example, as the hole-injection contact of OLEDs and the hole-collection contact of 
OPVs.    
 
Figure 2.3 shows an optical microscope image of a photo-patterned PEDT:PSSH film.  The film was made 
by blending AAA into the PEDT:PSSH solution (Baytron P, Leverkusen; dialyzed to remove ionic impurities) 
to give 10 w/w% AAA in the spin-cast film.  The film was then annealed at 110ºC for 5 min in the glovebox 
to remove physisorbed moisture and then illuminated with a handheld 254-nm low-pressure Hg lamp 
through a transmission electron microscopy grid used as mask held against the film by a fused silica plate.  
The exposure time chosen was sufficient to photolyse all of the AAA, as judged by a separate exposure 
dose plot.  The film was then developed in water to remove the uncrosslinked parts.  The photocrosslinked 
polyelectrolyte chains attain infinite molecular weight and thus become insoluble in water. The insoluble gel 
fraction can exceed 80% for crosslinker concentrations of only a few weight %, depending on the 
polyelectrolyte and its molecular weight.   
 
Figure 2.4 shows the gel curves, i.e., film retention as a function of crosslinker concentration, for 
PEDT:PSSH, poly(acrylic acid) (PAA; number-average molecular weight Mn = 250k), poly(styrenesulfonate 
sodium) (PSSNa; Mn = 580k and 70k) and poly(styrenesulfonic acid) (PSSH; Mn = 520k and 70k).  The data 
suggests that the gel curves shift approximately as the inverse of Mn (compare e.g., the high- and low-
molecular-weight films of PSSNa and of PSSH).    The data also suggests that the photocrosslinking 
efficiency for the acid form of the film is lower (ca. 0.5) than the salt form of the film (compare PSSH and 
PSSNa films of the same Mn).  High film retention of 0.8 can be achieved for PEDT:PSSH at 15 w/w% AAA, 
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which corresponds to ca. 0.5 mol% of AAA crosslinker.  Separate experiments have demonstrated that this 
ionic FPA crosslinking methodology helps to stabilise PEDT:PSSH against electromigration.27  Therefore it 
is clear that polyelectrolyte films can be crosslinked with the FPA methodology, which can thus be used to 
photo-pattern polyelectrolyte films or fabricate multilayers of such films without using the well-known layer-
by-layer assembly approach. 
 
 
Figure 2.2 Chemical structure of the AAA photocrosslinker. 
 
 
























Figure 2.4 Film retention characteristics for various polyelectrolytes. The commercially available PEDT:PSSH 
(Baytron P, Leverkusen; dialysed to remove ionic impurities) also exhibit high film retention at relatively low w/w% 
crosslinker. 
 
My subsequent work focused on the development of a sterically-substituted FPA methodology that is 
suitable for polymer OSCs.  Unlike the degenerately p-doped conducting polymers which are rather tolerant 
of the presence of exciton traps and charge-carrier traps, the undoped polymer OSCs are not compatible 
with a large concentration of these traps because of the undesirable shift in luminescence or its efficiency, 
and in the operating voltage of the device. For such applications, the FPAs that are derived from 4-azido-
2,3,5,6-tetrafluorophenyl moieties are inadequate.  These give rise to significant exciton quenching and 
charge-carrier trapping, particularly of electrons, in a variety of polymer OSCs.  To suppress these 















































electron-rich polymer OSCs, and hence show greatly reduced propensity for charge-carrier and exciton trap 
generation.    
 
An outline of the development of these photocrosslinkers is shown in Fig. 2.5.  FPA1 is known in the 
literature from early work on the reactivity of the 4-azido-2,3,5,6-tetrafluorophenyl moieties.21,22,24,28  FPA2 
was developed to increase the steric bulk at the 1-position using a sulfonamide group.  This led to some 
improvements, which proved to be insufficient for our purpose, while the hydrogen-bonding properties of 
the sulfonamide group led to undesirable changes in solubility characteristics over time.  FPA5 and FPA6 
with an o-substituent of methyl or isopropyl group were designed in-house for this project. It was 
synthesised by J.C. Tang. Attempts to prepare the t-butyl-substituted FPA were unsuccessful. 
 
The molecular strategy was to incorporate a bulk group at the 3-position to sterically hinder the close 
approach of the FPA core to the π-electron system of electron-rich polymer OSCs.  The π…π interaction 
was hypothesised to result from the well-known quadrupolar arene–perfluoroarene interaction which was 
evidenced by the emergence of a red-shifted exciplex emission when FPA1 was mixed with various 
polymers.  Such an interaction would account for the exciton quenching and charge-carrier trapping that 
have been observed for FPA1 in various polymer OSCs.  In addition, the alkyl substituent increases 
electron density on the FPA ring, which shifts the highest-occupied-molecular-orbital (HOMO) and lowest-





Following the insights gained by the measurements performed in this thesis, FPA8 and FPA9 were 
subsequently designed to provide the ultimate “invisible” photocrosslinker that would have no impact on the 
semiconducting properties of polymer OSCs even at very high crosslinker concentrations.  They can then 
be used for low-molecular-weight polymer OSCs.  These are now being synthesised and investigated by 
K.K. Choo in an ongoing work. 
 
 
Figure 2.5 The organic-soluble FPA development roadmap. FPA1 is an example of unhindered FPA. FPA6, FPA8 
and FPA9 are examples of sterically-substituted FPAs that minimise undesired interactions with the conjugated 


























































































In this chapter, it will be demonstrated that sterically-substituted bis(fluorophenyl azide)s (sFPAs) can be 
molecularly dispersed into polymer OSCs.  This leads to highly efficient photocrosslinking with quantum 
yield approaching unity when exposed to 254-nm deep ultraviolet light without degrading their essential 
semiconductor properties.  This then makes it possible to develop high-performance heterostructures with 
an unprecedented degree of control, which will be described in Chapter 3. The substitution at the m-
position (relative to the azide group) by an isopropyl group suppresses the undesired arene–perfluoroarene 
interaction sufficiently to reduce exciton quenching and electron trapping.   
 
2.2 Experimental methods   
 
2.2.1 Synthesis of bis(fluorophenyl azide) photocrosslinker 
 
Figure 2.6 shows the synthetic route for FPA6, ethylene bis(4-azido-2,3,5-trifluoro-6-isopropylbenzoate). To 
a stirred mixture of 1,2,3,4-tetrafluorobenzene (5.0 mL, 46.6mmol) and AlCl3 (1.24 g, 9.3mmol, 0.2 eq) 
under nitrogen was added dropwise isopropylchloride (9.0 mL, 98.4 mmol, 2.1 eq). After stirring for 1 h at 
room temperature, 10 mL of deionised water was added to quench the reaction and the mixture was 
extracted by ether (3 x 20 mL). The extract was washed by brine (3 x 20 mL), and dried with anhydrous 
MgSO4.  1 was obtained as a pale-yellow oil after the solvent removal under reduced pressure and used 
without further purification. Yield = 7.2 g (80.3%). 1H NMR (CDCl3, ppm): 6.84 (m, 1H), 3.22 (m, 1H), 1.22 





Figure 2.6 The synthetic route to ethylene bis(4-azido-2,3,5-trifluoro-6-isopropylbenzoate) (FPA 6). 
 
To a stirred solution of 1 (3.0 g ,15.6 mmol) in 25 mL of anhydrous THF cooled to –78 °C under nitrogen 
was added dropwise n-BuLi (11 mL of 1.6 M in hexanes, 17.6 mmol, 1.13 eq). After stirring for a further 4 h 
at –78 °C, the resulting dark-blue mixture was poured into 100 g of dry-ice powder and stirred at room 
temperature for 1h. The reaction was quenched by dropwise addition of deionised water, acidified and 
extracted by ethyl acetate (30 mL x 3). The extract was dried with anhydrous MgSO4, and evaporated to 
dryness at reduced pressure to give the crude product that was purified by washed with 5 mL of hexane to 
give 2 as white solid.  Yield =2.2 g (59%). 1H NMR (CDCl3, ppm): 3.20 (m, 1H), 1.38 (d, 6H). 19F NMR 
(CDCl3, ppm): –63.2, –64.0, –75.6, –81.6. 
 
2 (1.5 g) was mixed under nitrogen with SOCl2 (5 mL, and 1 drop of DMF) and heated at 80 °C for 12 h. 
























































To a solution of ethylene glycol (0.127mL, 2.31 mmol, 0.5 eq) and triethylamine (0.646 mL, 4.63 mmol) in 
anhydrous dichloromethane (10mL) was added 3 (1.17g, 4.63mmol) dissolved in anhydrous 
dichloromethane (10mL). The mixture was stirred at room temperature for 48 h, then washed by brine (3 x 
30 mL), dried over anhydrous MgSO4 and evaporated to dryness at reduced pressure to give the crude 
product that was purified by column chromatography (stationary phase silica gel; eluting solvent 3:1 
hexane:dichloromethane) to give 4 as colorless oil. Yield = 0.98 g (85%). 1H NMR (CDCl3, ppm): 4.66 (s, 
4H), 3.00 (m, 2H), 1.30 (d, 12H). 19F NMR (CDCl3, ppm): –64.9, –65.2, –76.7, –81.8. 
 
4 (0.98 g, 1.97mmol) and NaN3 (1.0g, 15.4mmol) as dissolved in a solvent mixture of DMF (35 mL) and 
H2O (5 mL) heated to 90 °C in the dark for 7 h. Caution: Take care with azide reactions. 20 mL of water 
was added and the mixture was extracted by ethyl acetate (3 x 40 mL), dried over MgSO4 and evaporated 
to dryness at reduced pressure to give the crude product that was purified by column chromatography 
(stationary phase silica gel; eluting solvent 3:1 hexane:dichloromethane) to give 5 as colorless oil. 
Yield=0.78 g (73 %).  1H NMR (CDCl3, ppm): 4.66 (s, 4H), 2.99 (m, 2H), 1.30 (d, 12H). 19F NMR (CDCl3, 
ppm): –51.8, –65.9, –71.6.  Purity ≥ 98% as judged from the 19F NMR spectrum.  ε = 3x104 L mol–1 cm–1 
(λmax, 248 nm). 
 




2.3 Results and discussion  
 
2.3.1 Bis(fluorophenyl azide) photocrosslinking methodology  
 
To photocrosslink a polymer film, the polymer solution with the desired amount of FPA is first prepared.  As 
an example, to make a 1% crosslinker-to-polymer weight ratio for 20 mL of 18 mg/mL solution, we need 3.6 
mg of the FPA crosslinker.  The concentration of the crosslinker solution (in common organic solvents such 
as toluene) is prepared at a high concentration of 20 mg/mL. This means that only a small volume of the 
crosslinker solution needs to be added to the polymer solution. The dilution effect on the polymer and its 
impact on spin-coating and film morphology is thus negligible. The blend solution can be stored for weeks 
and spin-cast or ink-jet printed in the regular way to make films.  The film is then annealed to 90°C 5 min in 
N2 to drive off solvent and redistribute the crosslinker.  Annealing beyond 120°C causes thermolysis of the 






Figure 2.7 Schematic of the photocrosslinking steps. 
 
Photocrosslinking was typically performed in a glovebox (pO2, pH2O < 1 ppm) at a dose of ca. 300 mJ cm–2 
at 254-nm wavelength using an 8-W low-pressure Hg lamp. The photolysis of azides generates singlet 
nitrenes which can take part in a plethora of reactions as summarised in Figure 2.1. In polymer OSC 
matrices however the predominant reaction turns out to be the desired singlet nitrene insertion into alkyl CH 
bonds.  Other possible reactions are triplet reactions, ring-expanded ketenimine reactions, and attacks on 
the π-conjugated core at the aromatic CH bonds, C=C bonds or heteroatom sites,16,17,20 which are 
generally undesirable.  We found the yields of triplet and ketenimine photo-products are fortuitously < 0.02, 
much lower than the 0.5–0.8 typically seen in the solution state.17,21,22 Nevertheless, it is crucial to suppress 










report here that this can be achieved by steric substitution to suppress the π–π interaction29 between the 
electron-rich OSC and electron-poor FPA, and enable the crosslinks to form more favourably at the alkyl 
side-chains.  Furthermore, because the crosslinking mechanism is non-specific (i.e., does not require two 
specific chemical groups to bond together, Figure 2.8), so extremely high photocrosslinking efficiency can 
be achieved at very low concentrations, ca. sub-1-mol% of crosslinkers, for high molecular-weight (MW) 




Figure 2.8 Schematic of the FPA photocrosslinking mechanism. 
 
We define the photocrosslinking efficiency α to be the probability of crosslink formation (regardless of 
whether C-H insertion or other bond-forming reactions with the polymer matrix) per azide group photolysed.  






























reactions, ring expansion, etc.  Each FPA molecule has two azide groups.  If each group behaves 
independently, the probability that the FPA molecule remains unbonded to the polymer matrix upon 
complete photolysis (i.e., both azide groups not giving rise to crosslinking) is (1–α)2.  This fraction of the 
FPA molecules will be lost from the polymer film matrix during solvent development.  The balance of α(2–
α) which is retained is readily measured by infrared spectrometry by taking the ratio of intensities of the 
characteristic absorption bands of the embedded FPA before and after solvent development.  From this 
fractional retention, we obtained α.  This is a lower limit because a fraction of FPA molecules bonded to 
low-molecular-weight polymer fractions will also be lost together with the polymer.   
 
In practice, the fractional retention of FPA is quantified through the retention of the integrated absorption 
intensity of its characteristic C=O vibrational mode at  ≈ 1650–1740 cm–1.  Exhaustive photolysis was 
carried out in nitrogen on 100-nm-thick polymer films containing 5–10 wt% of the FPA and spin cast on 
intrinsic Si wafers.  The C=O absorption intensity was measured before and after solvent development, e.g. 
toluene.  This assumes an isotropic orientation distribution of the FPA, as should be the case.  We 
measured this ratio in several polymer films using high enough concentrations of the FPAs to be well above 
the gel point (Table 2.1), and found α ≥ 0.9 ± 0.1.  For polymers without nucleophilic groups, the 




Table 2.1 Fractional change in crosslinker integrated absorption intensity (over 1650–1740 cm–1) upon washing the 
photo-exposed films with good solvents.  The estimated uncertainty in the absorption band integration is ±2%, 
primarily due to uncertainty in the interpolated background. 
 
 Polymer xlinker-to-repeat unit 
ratio (mol/mol) 
Fractional change in 
crosslinker  
    
1 PS + FPA1 0.010 0% 
    
2 OC1C10-PPV + FPA1 0.029 +4% 
    
3 TFB + FPA1 0.071 –2% 
    
4 F8BT + FPA1 0.053 –1% 
 
 
The absorption band of the FPA turns out to be well-matched to available DUV sources (e.g., low-pressure 
Hg lamps and excimer lasers), and to the transmission windows of polymer OSCs, as illustrated (Figure 
2.9) by several poly(p-phenylenevinylene)s, poly(fluorene) copolymers and poly(thiophene).  This is 
because the electronic transition of the FPA core generally falls in-between the localised and delocalised 
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π–π* transitions of the polymer OSCs.  This permits deep exposure into thick polymer films (up to 300-nm-
thick) without being masked off by polymer absorption which reduces the risk of polymer photo-oxidation.  
 
Figure 2.9 Absorption spectra of sFPA and selected polymer OSCs.  Polymer film thickness, ca. 100-nm-thick. 

































Figure 2.10 The chemical structures of polymers referred to in this chapter. 
 
2.3.2 Analysis of bis(fluorophenyl azide) photo-products in polymer matrices  
 
Figures 2.11a-d show the FTIR spectra of pure films of PS, TFB, OC1C10-PPV and F8BT respectively, and 
also the difference FTIR spectra when FPA1 is dispersed into them, before and after photolysis.  Films 
were approximately 100–150-nm thick and spin-cast from p-xylene or toluene solutions onto intrinsic Si 
wafers.  The spectra of the pure films were obtained in a straightforward way but at sufficiently high signal-
































Matching films containing 5 w/w% FPA1 in the polymers were then spin-cast, baked at 80ºC for 10 min on 
hotplate to dry, and their spectra then recorded.   The difference spectra were obtained by subtraction 
using a scale factor close to unity until the key polymer features in the 1600-1200 cm-1 region disappeared 
into the baseline. The films were then DUV exposed in the glovebox, and their spectra recorded again.  To 
obtain the spectra of the photolysis products, the spectra of the pure polymers were subtracted from the 
composite spectra obtained after photolysis, and using the same scale factor.  
 
 
Figure 2.11(a) Left panel:  FTIR spectra of PS film and difference spectra of FPA1 in PS before and after photolysis.  
Crosslinker to repeat unit ratio is 1 mol%.  Right panel: Expansion of the 698-cm–1 CH out-of-plane wag (CHoop ω) 
region of the PS phenyl hydrogens, showing clearly a blue shift in a small fraction of the PS rings as evidenced by 
the derivative shape. This fraction is estimated to be of order 1mol% of repeat unit, similar to the mol ratio of the 









































Figure 2.11(b) FTIR spectra of TFB film and difference spectra of FPA1 in TFB before and after photolysis. 
Crosslinker to repeat unit ratio is 7 mol%.  Again a perturbation of the 814-cm–1 fluorene CH oop ω frequency is 



































Figure 2.11(c)12 FTIR spectra of F8BT film and difference spectra of FPA1 in F8BT before and after photolysis. 


































Figure 2.11(d) FTIR spectra of OC1C10-PPV film and difference spectra of FPA1 in OC1C10-PPV before and after 
photolysis.  Crosslinker to repeat unit ratio is 3 mol%. The residual absorption of CH2 is due to a change in the 
average orientation of the alkyl side-chains induced by the presence of FPA1. There is also a significant perturbation 
of the 1208-cm-1 band due to intermolecular interaction with FPA1. 
 
The difference spectra reveal the molecular vibration modes of FPA1 dispersed in the various polymer 
matrices.  Before photo-exposure, they show the expected azide vibrations at 2127–2130 cm–1 (νasym N3) 
and 1254–1257 cm–1 (νsym N3).30  Both these features disappear upon photolysis.  The FPA1 spectra also 
show vibrations at 1729–1745 cm–1 (ν C=O), and other strong vibrations at 1644–1650 cm–1 and at 1485–
1500 cm–1 (in-plane ring stretching) which are retained upon photolysis.   
 
A key result here is the emergence of new vibrations at 1314–1316 cm–1 and at 1215–1218 cm–1 during 


































aryl vibration at ≈ 1245 cm–1. The NH vibration30 can also be observed in some samples at 3410–3420 cm–
1.  The aryl-NH2 product which is expected to give a strong NH2 δ bending vibration30 at 1600 cm–1  was not 
found. Therefore we can directly rule out predominance of intersystem crossing from the singlet to the 
triplet nitrene.  We also did not observe any unidentified bands not belonging to the vibrations of the 
crosslinker or of the polymer in the 1750–1350 cm–1 spectral region in all the matrices studied (OC1C10-
PPV, TFB, F8BT, and PS) both before and after exposure.  The molecular sensitivity in this region is 
estimated to be 5 mol% of the crosslinker.  Thus we can determine that no other reaction products occurred 
in chemically significant amounts.  In particular, we can rule out the formation of 1,2,3-triazoles from the 
1,3-dipolar cycloaddition of azides to double bonds, from the absence of the expected band at 1450 cm–1 
(from calibrated MNDO-PM3 quantum chemical calculations). 
 
Therefore it can be firmly established that in polymer OSC films, the primary FPA photo-reaction is the 
desired insertion into CH bonds, either on the alkyl side chains or the aromatic backbone.  For FPA1, the 
data here indicates the occurrence of insertion into aromatic CH. 
 
The second key result is the perturbation of the main chain vibrations, in particular the CH out-of-plane wag 
(CHoop ω) vibrations (PS: 798 cm–1; TFB: 814 cm–1; F8BT: 818 cm–1) by a small blueshift of the order of 5 
cm–1 both before and after photo-exposure.  The fraction of rings affected scale well with the mole ratio of 
the crosslinker present.  This provides direct evidence of π-stacked molecular interaction between the FPA 
core and the OSC backbone.  For certain polymer such as OC1C10-PPV, the perturbation is even stronger, 
resulting in a shift in the in-plane CH frequencies.  These observations are in agreement with 
photoluminescence quenching and ready exciplex formation (Section 2.3.5). 
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2.3.3 Photocrosslinking efficiency: Gel curves  
 
To characterise the photocrosslinking efficiency, gel curves were measured for monodispersed polystyrene 
(PS) standards of different molecular masses (Figure 2.12). The uncrosslinked materials are removed by 
developing with solvent.  The easiest and most repeatable way to do this is to dispense the desired solvent 
onto the photo-exposed film on the spinner chuck, wait 5 s, followed by spin-off.  This can be repeated until 
constant film thickness data is obtained. The film retention (η) was obtained using profilometry by taking 
the ratio of the film thickness after development to its original film thickness. 
 
Figure 2.12 Gel curves for monodispersed PS standards with FPA as crosslinker, showing nearly perfect 


























To rule out insolubilization due to pre-baking of the films, or thermolysis of the FPA, or direct DUV-induced 
photocrosslinking of the polymer, we performed a concurrent measurement on films without the FPA. In all 
such cases, the film retention was found to be (0 ± 1) %. Therefore we can conclude that the prebake 
conditions used do not interfere with the photoreaction. This is illustrated by the gel curves for various 
polymer FPA systems after complete photolysis, as shown in Figure 2.12 and Figure 2.13. These curves 
show an abrupt increase in film retention when the crosslinker concentration [XL] exceeds a threshold 
value.  
 
One crosslink is formed when the two groups on the same FPA molecule covalently bond to two different 
polymer chains.  This increases the apparent molecular weight (MW) of the crosslinked polymer chains. 
The gel point occurs when the longest polymer chains in the film attains infinite MW and thus becomes 
soluble in any solvent. This occurs at a critical crosslink density. The critical crosslinker concentration ([XL]c) 
required is obtained from the onset of film retention versus crosslinker concentration ([XL]). This onset is 
experimentally evaluated by extrapolating the η to the gel point, and is a function of the initial polymer MW. 
For [XL] < [XL]c, the crosslink density achieved is too low for an incipient fraction of the chains to reach 
infinite MW, and the entire film dissolves away. When [XL] > [XL]c, the fraction of infinite MW polymer 
increases with increasing crosslinker concentration and η increases towards unity. The following empirical 
function is used to describe the η versus [XL] data for [XL] > [XL]c: [ ] [ ]( )nC XLXL /1−=η  , where [XL] is 
the crosslinker concentration in units of mol/mol crosslinker per “weight-average chain”. The two fitting 
parameters are [XL]c and n. These fits are overlaid on the data as a guide to the eye in Figure 2.12 and 
Figure 2.13. The onset of gelation for crosslinking polymer chains with bi-functional agents has been 
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studied extensively.31  The value of [XL]c depends on the efficiency of the crosslinker, while n depends on 
the polymer MW distribution.31 
This gel point is theoretically given by pc nXL =][ , where np is the number of polymer chains per unit 
volume.31 This has been marked by arrows in Figure 2.12.  The good agreement between the experimental 
and theoretical values demonstrates: (i) the yield of crosslinks per crosslinker is nearly perfect (> 0.9), and 
(ii) the FPA molecules are certainly molecularly dispersed in the polymer matrix. All the film retention 
curves in Figure 2.12 collapse to a single “universal” curve when plotted in mol ratio of crosslinker per 
polymer chain.  This universal gel point lies at 1.45 (±0.15) mol/mol.   It suggests for a photo-crosslinking 
efficiency of  ≥ 0.9, that 70% of the PS crosslinks are interchain.  
 
Similar curves were constructed for polymer OSCs (Figure 2.13).  For polymer OSCs, polydispersity index 
is larger. This gives rise to a gentler increase in film retention with increasing [XL]. Since np scales as the 
inverse of MW, high-MW polymers require less [XL].  To give a sense of the required crosslink density, [XL] 
is of the order of 5 x 1018 cm–3 for 60% retention with polymers having a number-average molecular weight 




Figure 2.13 Gel curves for polymer OSCs with FPA as crosslinker. 
 
2.3.4 Suppression of interaction with OSC main chain with sterically hindered 
bis(fluorophenyl azide):  FTIR analysis  
 
We measured the changes in the alkyl side-chain and polymer backbone using Fourier-transform infrared 
(FTIR) spectroscopy.  Figure 2.14 shows the results for poly(9,9-dioctylfluorene-2,7-diyl-1,4-phenylene-N-
(p-sec-butylphenyl)imino-1,4-phenylene) (TFB), which is an amorphous polymer with useful hole-transport 
properties.32,33 Its amorphous nature allows CH bonds of both the alkyl side-chain and π-conjugated core to 
be accessible to the photogenerated nitrenes.  The difference spectra giving the absorbance change upon 
photolysis of FPA1 (unhindered) or FPA6 (sterically hindered) in the TFB matrix show loss peaks at ca. 
2120 and 1250 cm–1 due to the lost of N3 and its asymmetric (νas) and symmetric (νs) stretchings 
respectively.   No aniline by-product was detected (N–H ν expected at ca. 3500 cm–1), and so intersystem 




























bonds, as clearly seen from the loss of CH2 (νs = 2854; νas = 2926 cm–1) and CH3 (νs = 2870; νas = 2957 
cm–1) vibrations, and the formation of characteristic CH (ν ≈ 2900 cm–1) and CH2 (νs = 2800; νas = 2945 
cm–1) vibrations adjacent to the inserted N, and of –NH– (NH ν = 3410 cm–1;  and C–N–C νas ≈ 1300; νs = 
1260 cm–1).30 There are however also loss peaks related to the TFB phenylene rings at 1600, 1510 and 
814 cm–1.  Quantitative analyses suggest 30% of the nitrenes from FPA1 insert into aromatic CH bonds.   
For FPA6 however this decreases to ca. 15%, which shows that the crosslinking site has been 
advantageously shifted away from the π-conjugated core.   Therefore the photo-reactions of sterically 
hindered FPA are electronically “cleaner” than the unsubstituted parent, and more compatible with 
semiconductor applications. 
 
Figure 2.14 (Top) FTIR spectrum of TFB, and (bottom) photoreaction spectra obtained as the difference before and 
after photo-exposure with FPA or sFPA as crosslinker, showing that the yield of alkyl side-chain crosslinking is 































2.3.5  Suppression of interaction with OSC main chain with sterically hindered 
bis(fluorophenyl azide):  Photoluminescence efficiency  
 
This sterically-substituted FPA methodology does not quench the photoluminescence efficiency (ηPL) of 
fluorescent polymer models until very high concentrations.  We measured the ηPL of photocrosslinked films 
in a N2 integrating sphere as a function of [XL] (Figure 2.15).  Prolonged DUV exposure to ten times the 
required dose in the absence of moisture and oxygen does not cause a loss of ηPL.  To extract the 
quenching parameter, we fitted these data to the Stern–Volmer relation which assumes a quencher 


















PL ,  
where ηPL,o is the pristine value, 'qk  is the second-order quenching rate, kr and knr are the respective 
radiative and non-radiative rates.  Good fits were obtained for these polymers over a two-decade-wide [XL] 






 of ca. 1 x 10–19 cm3, which indicates that 50% quenching is obtained at 1–2 x 1019 cm–
3, which exceeds the typical required concentration (the unmodified parent FPA is more seriously 





 = 1 x 10–19 cm3 for ηPL,o = 0.2 and 0.7 
respectively (dashed lines) to show the trade-off between ηPL and [XL].  Clearly highly-fluorescent polymer 





Figure 2.15 Photoluminescence efficiency characteristics, showing weak exciton trapping or quenching.  CN-PPV = 
dialkoxy-substituted poly(cyanoterephthalylidene).   Solid lines give the Stern-Volmer fit and the dashed lines give the 
trade-off boundaries between photoluminescence efficiency and sFPA concentration. Inset: Optical and fluorescence 






























Figure 2.16 Preliminary photoluminescence efficiency characteristics of FPA8 and FPA9, compared with FPA6.   For 
chemical structures, please refer to Figure 2.10. 
 
The recent ongoing development of even more sterically-substituted derivatives of FPA has found that 
these are able to further suppress interactions of the crosslinker with the conjugated main-chain of the 
OSC.  The photoluminescence efficiencies of crosslinked “Super Green” phenyl-substituted poly(p-
phenylenevinylene) fluorescent polymer films was measured in N2 integrating sphere as a function of 
crosslinker concentration [XL].   Figure 2.16 shows significantly lower quenching for both FPA8 and FPA9 
compared with FPA6. The solid lines give their Stern-Volmer fit. Good fits were obtained for “Super Green” 
polymer over a two-decade [XL] range. The second order quenching rate k’q for some of the FPAs are 
summarised in Table 2.2. k’q is the best parameter to quantify this, because the exact value of knr and 
hence ηPL,o varies with polymer batch and processing conditions. The trend of the quenching rate k’q for 


























incorporating additional bulky groups or long alkyl chains on the FPA cores to suppress the π–π 
interactions between conjugated polymer core and FPA phenyl rings is correct. Finally, it appears that 
steric substitution is much more effective than long alkyl-chain substitution in suppressing interaction with 
the π-conjugated chain: one order of magnitude reduction of quenching achieved. 
 
Table 2.2 Second order quenching rate k’q. 
 
 
This is remarkable because excitons in OSCs are readily trapped or quenched by long-range Förster 
transfer.  For a typical Förster transfer radius of 5 nm,34 a quencher concentration of 1 x 1018 cm–3 is 
already sufficient to cause 50% quenching.  Therefore less than 1–10 mol% of the crosslinkers here turn 
into exciton traps. To determine their nature, we examined the photoluminescence spectra at high [XL] and 
found a broad red-shifted emission characteristic of exciplexes34 before and particularly after 
photoexposure.  This is consistent with traps arising from π−π interaction between the OSC and FPA, and 
from nitrene reaction at the OSC core, which facilitate excited-state electron transfer to the FPA moiety.   
 
kq(cm3 s-1)
FPA1 4.0  x 10-10
FPA5 1.3 x 10-10
FPA6 1.0 x 10-10
FPA9 5.2 x 10-11




Figure 2.17 Electronic energy levels (polymer HOMO edge by ultraviolet photoemission spectroscopy, LUMO edge 
and FPA values by scaled PM3 calculations). FPA1 lies near the centre, FPA2 at the bottom and FPA5 at the top 
edge of the indicated bands. 
 
The highest-occupied-molecular-orbital (HOMO) and lowest-unoccupied-molecular-orbital (LUMO) of FPAs 
and their ideal alkyl-chain crosslinks, computed by quantum chemistry methods, generally fall 
advantageously outside those of the polymer OSCs.  Their HOMOs are considerably deeper, but their 
LUMOs more nearly approaching the corresponding edges of the OSCs (Figure 2.17).  Their exact 
positions depend a little on the substitution on the FPAs: FPA1 lies near the centre, FPA2 at the bottom 
and FPA5 at the top edge of the indicated bands.  In the absence of π-interaction, we can therefore expect 
the FPA crosslinks to be non-hole trapping, and those from FPA5 to also be non-electron trapping, in broad 






It is thus evident that the sterically-substituted bis(fluorophenyl azide) methodology provides a viable route 
to high-quality general organic semiconductor heterostructures.  Exciton quenching which is a highly 
sensitive test for undesirable interactions reveals that the tolerable limit for FPA6 is sufficiently high to 
achieve practical photocrosslinking of high-molecular-weight polymer organic semiconductors without 
degradation of their semiconductor properties.  Preliminary results from the ongoing effort to develop even 
more sterically-substituted bis(fluorophenyl azide)s suggest that the limit can further expand outwards by 
another one order of magnitude, which would bring this methodology into the application space for low 
molecular weight polymers.  The methodology is remarkable not least for its simplicity, which opens the 
way to fabricating useful heterostructures, some of which will be described in Chapter 3, which can now be 
rapidly prototyped.  If it is ultimately desired to place the crosslinking group on the polymers themselves, 
the sterically-hindered fluorophenyl azide moieties are also likely to be the most useful.  Similarly the further 
development of high-molecular-weight polymers (> 300k) to better take advantage of this crosslinking 
methodology will be useful. These are the first results that point to the remarkable opportunities now 
available to tailor the physics of charge carriers, excitons and photons in polymer organic semiconductor 
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Chapter 3  
 
High-performance polymer semiconducting heterostructure devices  
 
In this chapter, the use of sterically-hindered bis(fluorophenyl azide)s (sFPAs) as photocrosslinker additives 
to polymer organic semiconductors  (OSCs) for the making of useful heterostructures is demonstrated. 
Heterostructures are crucial for the efficient injection and confinement of charge carriers and the 
manipulation of excitons and photons, and are thus key to high-performance semiconductor devices. 
Despite significant advances, the methods to fabricate polymer OSC heterostructures have been limited 
because of the challenge of re-dissolution of the underlying polymer layers.  With the development of 
sFPAs in Chapter 2, it is now possible to achieve generic photocrosslinking and photo-patterning of 
polymer OSC layers for a variety of device applications.  In this chapter, high performance donor–acceptor 
contiguous heterostructure organic photovoltaic cells are demonstrated.  The fabrication of contiguous 
polymer OSC nanostructures and networks, by swelling–deswelling of the crosslinked polymer gel or by 
sacrificial nano-templating of the film, is amongst the most exciting new applications opened up, because 
this can provide scalable and manufacturable polymer nanostructures.  Furthermore phase continuity can 
be built-in to overcome internal recombination losses to give high carrier collection efficiency, and at the 
appropriate length scale for efficient exciton dissociation.  The fabrication of polymer multilayers, photo-
patterning of polymer light-emitting diodes and transistors, and of higher-performance separate-
confinement polymer organic light-emitting diodes are also described.  These illustrate just a few of the 






Recent advances in the performance of molecular OSC devices in particular of organic light emitting diodes 
(OLEDs) have been achieved through the use of heterostructures.1,2 While it is relatively straightforward to 
fabricate these in evaporated molecular films, this is a considerable challenge in solution-processed 
polymer OSCs because of re-dissolution.  The available methods have thus been limited to the use of 
orthogonal solubility,3 precursor polymers,4 spontaneous blend de-mixing,5 or layer-by-layer polyelectrolyte 
assembly.6  There has recently been an intensive effort to develop polymer OSCs with thermal- or photo-
crosslinkable side-chains7-9  or end-groups,10,11 but the required high concentration of the crosslinker 
appears to degrade semiconductor performance, which has impeded progress in polymer heterostructures.  
 
The maximum practical crosslink density that can be achieved by any crosslinking methodology for OSCs 
is limited by the permissible charge-carrier and exciton trap concentrations that are introduced by the 
crosslinking process, either due to the crosslinks themselves, the by-products of the crosslinking chemistry 
or stranded reactive groups. For excitons in OLEDs and organic photovoltaics (OPVs), the exciton 
quenching radius is often assumed to be 5nm. This sets the maximum permissible exciton traps to be of 
the order of 1 x 1017 cm–3.  The carrier concentration in OLEDs typically varies between 1016 and 1018 cm–
3,12,13  while in organic field effect transistors (FETs), the carrier concentration in the accumulation layer is 
~1×1019 cm-3. The maximum permissible trap concentrations for both excitons and carriers are therefore 
estimated to be ca. 1×1017 cm-3 for OLED and OPV applications, and ca. 1×1018 cm-3 for FET applications. 
Considering that the polymer repeat unit concentration is only ca. 1×1021 cm–3, it becomes obvious that any 
traps introduced must be below 1 for every 10,000 repeat units for OLED and OPV applications  This 
means that the crosslinking methodology needs to be “electronically” clean.  This can be practically 
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achieved only if the crosslinking is effective at very low concentrations of the crosslinker moieties which 
further does not perturb the polymer morphology.  Previously, an oxetane methodology has been proposed 
and extensively investigated.9 Such a bimolecular crosslinking approach typically requires the crosslinker 
moieties to be present at a significant fraction of the repeat units, at the tens of % level, which potentially 
perturbs the polymer morphology, and leaves also a significant concentration of “stranded” reactive groups 
that can become traps. 
 
 
3.2 Experimental methods   
 
3.2.1 General materials and methods 
 
“Super Green” PPV and OC1C10-PPV (Merck), PFB and TFB (Sumation), regioregular P3HT (Aldrich, 
purified in-house), PEDT:PSSH (H.C. Starck) were research-grade materials and used as received.  
PBTTT was synthesized in-house from modified literature procedures. The chemical structures of these 
polymers are shown in Figure 3.1.  The FPAs were synthesized in-house. The synthetic route was 





Figure 3.1 Chemical structures of the polymers referred to in this chapter. 
 
The photocrosslinker used except where otherwise noted is FPA6 (see Chapter 2).  The photo-exposure 
was typically performed in a glovebox (pO2, pH2O < 1 ppm) at a dose of ca. 300 mJ cm–2 at 254-nm 


































3.2.2 Contiguous donor polymer network OC1C10-PPV: PCBM photovoltaic cells 
 
50-nm-thick dialkoxy-substituted poly(p-phenylenevinylene) (OC1C10-PPV) films ([XL] = 1 x 1019 cm–3) were 
spin-cast from a chlorobenzene solution (5.0 mg/mL with 0.045 mg/mL sFPA) onto indium-tin-oxide (ITO)/ 
poly(3,4-ethylenedioxythiophene): (polystyrenesulfonic acid) (PEDT:PSSH) anode, annealed in the glove 
box (80ºC hotplate, 5 min) photo-exposed and then developed with chlorobenzene.  A 75-nm-thick film of 
phenyl-C61-butyrate methyl ester (PCBM) was then deposited by spin-casting from chlorobenzene (20 
mg/mL).  The success of PCBM infiltration was confirmed by changes in the OC1C10-PPV absorption 
spectrum due to re-orientation of the polymer chain segments from in-plane to out-of-plane, and the 
emergence of PCBM features.  The effective thickness of the PCBM was determined from its absorption 
intensity in the short wavelength.  The films were then annealed in the glovebox (120ºC hotplate, 15 min) 
before evaporating Ca cathodes.  The devices were then evaporated with 30-nm-thick Ca cathodes.  
Device characteristics are typically representative of all three diodes measured for each type. 
 
3.2.3 Contiguous interpenetrating (columnar) PFB: F8BT photovoltaic cells 
 
Typically the nano-textured heterostructure was prepared as follows:   A 50:50 wt:wt biblend of PFB (Mw ≈ 
100k) and PS (Mw ≈ 10k) with 1 wt% of FPA6 (with respect to total polymer content) was spin-cast and 
annealed (80ºC hotplate, 5 min) to give phase-separated thin films comprising circular PFB phases, ca. 
100-nm-diameter and 20-nm-tall, separated by the PS phase.  The PS phase was removed by dioxane, the 
remaining PFB layer photo-exposed, and then a 40-nm-thick F8BT film was spin-cast over this 
nanostructured PFB layer.  Taller aspect ratio PFB structures were built by repeating once or twice more 
the steps before the F8BT deposition.  Control devices with bulk-distributed heterostructures were 
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fabricated from 50:50 wt:wt PFB:F8BT biblends.  All the films were formed on ITO/ PEDT:PSSH anodes.  
The films were then annealed in the glovebox (135ºC hotplate, 15 min) before evaporating Ca cathodes.   
Other materials systems have also been investigated, including a dialkoxy-substituted poly(p-
phenhylenevinylene) (OC1C10-PPV).  This section of the work was performed jointly with P.J. Chia.  
 
3.2.4 Separate confinement heterostructure light-emitting diodes 
 
A typical preparation is as follows:  50-nm-thick PEDT:PSSH films were deposited on ITO–glass by spin-
casting.  A film of TFB (with 1 wt% FPA with respect to polymer weight) was then deposited from toluene 
solutions, annealed (90ºC hotplate, 5 min), and photo-exposed.  A 70-nm-thick F8BT film was then 
deposited from a toluene solution, annealed (135ºC hotplate, 15 min).  A 3-nm-thick Ca cathode and 150-
nm-thick Al capping layer were then evaporated.  This work was performed by P. Ho. 
 
3.3 Results and discussion  
 
3.3.1 Multilayer polymer stacks  
 
Polymer multilayers can be fabricated easily by sequentially depositing and photocrosslinking the films.  In 
Figure 3.2, a stack of eight alternating 50-nm-thick films of poly(9,9-dioctylfluorene-2,7-diyl-1,4-phenylene-
bis(N-(p-sec-butylphenyl)imino-1,4-phenylene)) (PFB) and poly(9,9-dioctylfluorene-2,7-diyl-benzo-2,1,3-
thiadiazole-4,7-diyl) (F8BT) was deposited on a fused silica substrate and measured by UV-Vis 
spectroscopy.  The regular growth of the absorption bands at 470 nm (F8BT) and 390 nm (PFB) confirms 
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that multilayers can be fabricated with good control. This multilayer polymer heterostructure can be put into 
devices such as polymer light emitting diodes. The ability to make polymer stacks this way avoids the need 
for high temperature hard-baking14 or the re-design of polymers with ionic side-chains or fluorocarbon side-
chains for orthogonal solvent solubility.15,16  This approach is therefore more widely applicable and practical 
in many situations.  
 
 
Figure 3.2 –log(Transmittance) spectra of alternately deposited and photocrosslinked 50-nm-thick PFB and F8BT 
























3.3.2 Electron and hole currents in model OC1C10-PPV diodes 
 
The sFPA methodology also does not degrade the hole and electron currents in 2,5-dialkoxy-substituted 
poly(p-phenylenevinylene) (OC1C10-PPV) diodes until very high concentrations.  OC1C10-PPV has 
accessible energy levels for both hole and electron injections from convenient electrodes,12,13 and relatively 
balanced electron and hole mobilities,17 which thus provides an important model polymer to study charge-
carrier trapping effects.  We measured the current-density–voltage (jV) characteristics of hole and electron 
OC1C10-PPV diodes with different [XL] (Figure 3.3).  Both these currents are not depressed for [XL] up to 5 
x 1018 cm–3 over j ≈ 0.1–100 mA cm–2.   This is remarkable because the carrier concentration is only 1016–
1018 cm–3,12,13 and so the carrier trap concentration must be below this.  The electron trap concentration 
was estimated to be < 5 x 1016 cm–3 for [XL] = 5 x 1018 cm–3 (i.e., < 1 mol%), which is a considerable 
improvement over the unmodified FPA.  The hole but not the electron current is in fact immune to much 





Figure 3.3 Current density characteristics of hole and electron OC1C10-PPV diodes at different crosslink densities, 
showing little hole or electron trapping.  Polymer film thickness, 80 nm; hole diodes were fabricated with a hole-
injecting PEDT:PSSH anode and an Al cathode; electron diodes with non-injecting PEDT:PSSCs anode18 and an 
electron-injecting Ca cathode. Inset: Electronic energy levels. HOMO edge was obtained by ultraviolet photoemission 
spectroscopy; LUMO edge and FPA values were obtained from calibrated PM3 calculations. 
 
Quantum chemical calculations (MNDO-PM3) show that the highest-occupied-molecular-orbitals (HOMO) 
and lowest-unoccupied-molecular-orbital (LUMO) of the sFPA and their crosslinks are generally outside 
those of polymer OSCs (inset of Figure 3.3, as briefly described in Chapter 2).  Calculations were 
performed using MNDO-PM3 and calibrated to the experimental gas-phase ionisation potentials and 
electron affinities, and then rigidly shifted by 1.5 eV for solid-state polarisation effects. The results show that 
the FPA cores themselves are neither carrier nor exciton traps.  However π...π interaction and/or nitrene 
reaction at the OSC core can perturb the LUMO edge of the OSC into the gap to cause trapping particularly 












































































3.3.3 Contiguous donor polymer network PV cells 
 
We demonstrate here two new architectures for the photon-harvesting layer of polymer photovoltaic (PV) 
cells.  The first is a contiguous heterostructure made by infiltrating a molecular acceptor into a swollen 
crosslinked polymer donor gel network.  Although the morphology superficially resembles that of the spin-
cast biblend, the approach here ensures built-in continuity of the donor phase, and intimate donor–acceptor 
mixing that is not limited by their natural phase-separation length scale.  This makes it possible to employ a 
wider range of molecular acceptors than [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) which has been 
the universal workhorse so far.19,20  Furthermore, the swelling–deswelling of the polymer network during 
infiltration of the molecular acceptor leads to the development of a finer nanocrystalline network 
morphology for some polymers.  This topic is being explored in greater detail by ongoing work of B. Liu. 
 
For an optimal crosslinking density, the crosslinked polymer network can swell sufficiently to incorporate 
the desired ratio of acceptor and still retain sufficient mobility to recrystallise upon removal of the solvent.  
The crosslinking therefore performs an important function not only in preventing polymer dissolution in the 
second solvent, but also in preventing long-range diffusion of the polymer chains to give a finer scale 
crystalline morphology that is guaranteed to be continuous.  Therefore not only continuity of the carrier 
collection paths is built into the morphology, but also the fine length scale of the donor and acceptor phases 
that is optimal for exciton dissociation efficiency.   In recognition of the primary role of the crosslinked 





Figure 3.4 –log(Transmittance) spectra for a crosslinked OC1C10-PPV film (red), followed by infiltration by spin-
casting PCBM (20 mg/mL) in chlorobenzene (orange), then removal with chlorobenzene (green), then infiltration with 
PCBM at a higher concentration (30 mg/mL) in chlorobenzene (blue), then infiltration with the lower concentration of 
PCBM in chlorobenzene (purple). 
 
Figure 3.4 shows the evolution of the absorption spectrum of the OC1C10-PPV film when it is sequentially 
infiltrated with PCBM. The OC1C10-PPV film spectrum after development is shown in red.  When PCBM is 
infiltrated into the OC1C10-PPV matrix, the OC1C10-PPV absorption at 500 nm decreases (orange spectrum) 
as expected of disordering and reorientation of the polymer chains from the in-plane to the out-of-plane 
direction. This is not a result of material loss because the crosslinked OC1C10-PPV film has already been 
once developed with chlorobenzene. This demonstrates instead the intimate dispersion of the PCBM into 

























(green spectrum).The amount of PCBM “doped” into the film can be increased by spinning PCBM from a 
more concentrated solution (blue spectrum).  When the film is now contacted with the chlorobenzene 
solution of PCBM at the lower concentration, and spun, the absorption spectrum (purple) reproduces the 
earlier result when the lower concentration of PCBM was first doped into the film. The overlapping data 
(orange and purple spectra) confirms that no material loss was sustained during the sequential doping 
experiments of the OC1C10-PPV film.  Therefore the data was robust.  Crucially, the data suggests a quasi-
equilibrium between the concentration of the PCBM dispersed into the film and the PCBM in the contacting 
solution.  The PCBM concentration of the contacting solution “sets” the PCBM concentration in the film.  
This is not simply given by the amount of PCBM that is deposited from the spinning solution, nor can it be 
raised stepwise simply by repeated spinning of the same PCBM solution.  
 
Figure 3.5 Current-density vs voltage characteristics of ITO/ PEDT:PSSH/ OC1C10-PPV/ PCBM/ Ca/ Al PVs made by 
infiltrating PCBM into a photocrosslinked OC1C10-PPV film at a crosslink density of 1 x 1019 cm–3 under AM1.5 










































Figure 3.5 shows that the donor polymer network solar cell with PCBM molecular acceptor infiltrated into 
crosslinked OC1C10-PPV gave similar jV characteristic under AM1.5 illumination as optimised biblends.  
Their power conversion efficiency (PCE) is 2%, similar to biblend control devices and other literature 
reports.19,20  Their short-circuit photocurrent action spectra (i.e., the wavelength dependence of the 
electron-per-incident-photon quantum efficiency ηext) is also nearly identical to the biblend cell.  Since the 
PCE of the optimised biblend is limited primarily by absorption and heterojunction energy offset, more than 
exciton dissociation or carrier collection losses, 19,20 these results show that molecular infiltration can reach 
similar exciton dissociation and carrier collection efficiencies.    
 
In subsequent (and more extensive) work by B. Liu using the model regioregular poly(3-hexylthiophene) 
(rrP3HT):PCBM donor–acceptor system, a finer but surprisingly better ordered semicrystalline rrP3HT 
network phase intermixed with PCBM was achieved.  This resulted in a higher PCE than spin-cast blend 
films of the same composition by about 30% (4.6% vs 3.5%), apparently from enhancement of the carrier-
collection efficiency.  Using this approach, the PCE landscape was also systematically surveyed as a 
function of amount of rrP3HT and PCBM incorporated into the PV layer, which reveals new aspects in the 
physics of these donor–acceptor solar cells.  
 
By defining and stabilising the length scale of the donor and acceptor phases separately from the natural 
demixing length scale via a first-formed polymer network, it should be possible to achieve the desired 
ultrafine morphology more uniformly across the entire film thickness, and substantially independent of 
solvent drying influences.   This could be advantageous for the production of thicker polymer solar cells.  It 
could also potentially enable a wider materials set to be investigated and for roll-to-roll processing.   
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Furthermore, the crosslinking is also further expected to help stabilize the morphology.  Studies in these 
directions are just beginning.  The separate manipulation of the donor and acceptor phases will likely 
provide new scope for the further optimisation of morphology and performance enhancement across a wide 
range of polymer solar cells.  
 
3.3.4 Contiguous interpenetrating heterostructure PV cells 
 
The second architecture is a contiguous interpenetrating heterostructure made using a sacrificial phase-
directing agent (PDA) such as a low-MW PS to induce the desired phase-separation length scale to give a 
columnar or a poriferous morphology in the donor polymer film (Figure 3.6) which is then back-filled with 
the acceptor material.  High aspect ratios can be achieved by repeating the sacrificial PDA step.   
 
The importance of such interpenetrating heterostructures for PVs has been recognized for a long time,5 but 
it has proven difficult to implement in practice.  Previous efforts were based on demixing of polymer 
biblends, which often resulted in “bulk-distributed” heterostructures with uncontrolled distribution of the 
donor and acceptor phases and their occlusion in a “Russian doll” morphology.21 This causes wasteful 
internal recombination of the photogenerated charge carriers.  Here by sequentially depositing the layers 
with sacrificial templating and crosslinking, contiguous interpenetrating heterostructures are ensured to be 
in the correct orientation for efficient carrier collection. The photo-crosslinking can be combined with a novel 
sacrificial nano-templating method to produce unconventional polymer nanostructures.  We illustrate here 
with an example of a self-organised columnar nanostructure with an assured continuity of carrier transport 




Figure 3.6 Directed heterostructures with lateral texture.  (a)  Schematic: Phase separation with a phase-directing 
agent (PDA) gives the desired columnar or poriferous nanostructure of material A by spontaneous demixing, followed 
by removal of the PDA and photocrosslinking of nanostructured A over which material B is deposited to give the 
controlled interpenetrating heterostructures. Atomic force microscope (AFM) images of: (b) columnar nanostructure 
generated in PFB using 10k-MW PS as PDA. Image height, 30nm, (c) poriferous nanostructure generated in OC1C10-
PPV using 10k-MW PS as PDA. Image height, 30nm, and (d) multilayer buildup, showing a three-layered structure 


























Figure 3.7 Short-circuit external quantum efficiency spectra of interpenetrating heterostructure ITO/ PEDT:PSSH/ 
PFB/ F8BT/ Ca/ Al  PVs with different PFB thicknesses, compared to a bulk-distributed heterostructure diode.  PFB 
crosslink density, ≈ 2 x10 19 cm–3.  Peak power conversion efficiency is 1% at 470-nm wavelength. Efficiency is 
presently limited by dissociation to free carriers, rather than collection of those carriers.  
 
Here in the sacrificial nano-templating method, we used a second component to direct the phase 
separation22 of the first polymer OSC.  The phase-directing agent is subsequently removed, the templated 
polymer OSC crosslinked, and then back-filled with the second polymer OSC.  This gives unprecedented 
control over the dimensions and phase structure in the templated polymer underlayer.  Presently, we can 
tune the phase pattern from matrix through bicontinuous to island types, and lateral dimensions from 10 

























achieved at present.  Higher aspect ratio structures can be built sequentially by repeating the self-
organisation over the first-formed template.  We tested this concept on polymer PVs using the well-
characterised PFB–F8BT system.23 Although this system has absorption only over the green and blue 
spectral region not so suitable for solar-cell application, its behaviour is well-understood.   
 
The contiguous interpenetrating polymer–polymer heterostructures provide large improvements in PCE 
over the corresponding bulk-distributed heterostructures.  Their excitons are known to dissociate efficiently 
at the heterojunction, but into a charge-transfer state that requires an electric field to further dissociate to 
“free” carriers which limits their PV efficiency.23  Figure 3.7 shows the short-circuit photocurrent action 
spectra of the PV cells for different columnar heights of the PFB layer (in-plane texture, ≈ 100 nm) and also 
of an optimised biblend with a bulk-distributed heterostructure.  The measured short-circuit ηext (i.e., 
incident photon conversion efficiency at zero-bias) for F8BT excitation (450–480-nm wavelength) showed 
ηext increases from 2.6 % for the columnar nanostructure with 20-nm-tall PFB columns to 7.0 % for the 
more optimal 50-nm-tall columns (Figure 3.6d).  For comparison, the 50:50 PFB:F8BT bi-blend film 
deposited from xylene with similar lateral phase-separation length scale has ηext of 1.5 %.21  The 
corresponding PCE reaches 1% at this wavelength.  The ηext is given by χζσγ=η sepdissext , where σ is 
the fraction of incident photons absorbed, γdiss is the fraction of excitons dissociated to charge pairs, ζsep is 
the fraction of charge pairs separated to free carriers, and χ is the carrier collection efficiency.  σ, γdiss and 
ζsep are essentially materials properties which do not vary at the F8BT absorption wavelengths between the 
bulk-distributed and interpenetrating heterostructures. The enhancement factor of 4.5 can thus be related to 
improvement in χ due to the contiguous nanostructure.  This shows that internal recombination loss has 
indeed been another severe bottleneck in bulk-distributed heterostructures that is now lifted.  The 
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development of polymer systems more matched to the solar spectrum and with favorable excited-state 
charge-transfer characteristics will enable further breakthroughs in PCE. 
 
3.3.5 Photo-crosslinked high-mobility polymer FETs and top-gate polymer FETs 
 
The FPA methodology is also compatible with the semiconductor layer in high-performance polymer FETs 
and LEDs, which can therefore be photo-patterned.  We photo-crosslinked regioregular P3HT films using 
FPA2 at high concentrations up to nXL = 4 x 1019 cm–3, and measured the hole field-effect mobilities (µFET) 
from the linear transfer curve regime in a standard bottom-gate diagnostic FET with HMDS-treated thermal-
SiO2 as dielectric.  We found µFET ≈ 0.03 cm2 V–1 s–1, practically independent of nXL (Figure 3.8). 
 
Figure 3.8 Photo-crosslinked regioregular P3HT FETs at different nXL up to 4 x 1019 cm–3, on 
octadecyltrichlorosilane-treated 200-nm-thick SiO2 gate dielectric (gate capacitance, 17 nF cm–2; channel length, 10–























Figure 3.9 Output characteristics of PBTTT FETs with a crosslink density of 5 x 1019 cm–3, on 
octadecyltrichlorosilane-treated 200-nm-thick SiO2 gate dielectric (gate capacitance, 17 nF cm–2): linear-regime 
mobility ≈ 0.1 cm2 V–1 s–1. 
 
We also photocrosslinked poly(2,5-bis(3-tetradecylthiophene-2-yl)thieno[3,2-b]thiophene) (PBTTT) films24 
up to [XL] = 5 x 1019 cm–3 on an octadecyltrichlorosilylated thermal oxide gate dielectric with p++-Si back 
gate and lithographically-patterned Au source–drain electrodes.  We found the output (Figure 3.9) and 
transfer characteristics to be unchanged from control devices without crosslinker and DUV exposure.   The 
hole mobility µFET is of the order of 0.1 cm2 V–1 s–1 with on–off ratios of > 104, independent of [XL] up to 5 x 
1019 cm–3.   This mobility value is typical of carefully optimised device with non-crosslinked PBTTT.25,26 
These demonstrate that the interchain packing at the semiconductor–dielectric interface is surprisingly 


























fabrication of top-gate FETs with fewer restrictions on gate dielectric materials, and also photopatterning to 
reduce leakage and cross-talks. 
 
3.3.6 Photopatterning of polymer LEDs 
 
 
Figure 3.10 Current–voltage–luminance characteristics of green-PPV LEDs at a crosslink density of 7×1018 cm-3 
compared with control devices without crosslinker and DUV exposure. Inset: Electroluminescence efficiency. 
 
Figure 3.10 shows the characteristics of LEDs based on 70-nm-thick Green-PPV27,28 films with and without 
[XL] = 3 x 1018 cm–3 (with PEDT:PSSH anode and Ca cathode).  The current–voltage–luminance (IVL) 








































to an external electroluminescence efficiency ηext of 4.5% external photon-per-injected-electron), similar to 
control devices without crosslinker and DUV exposure.  Preliminary lifetime measurements suggest that the 
crosslinked devices have an extrapolated lifetime at 100 cd m–2 of > 10,000 h, also similar to control 
devices.  We found that OC1C10-PPV LED characteristics were similarly not degraded by crosslinking. 
 
 
3.3.7 Separate-confinement-heterostructure polymer LEDs 
 
Finally, I describe here an example of the remarkable finesse available to control LED characteristics 
through separate-confinement-heterostructure (SCH) LEDs using ITO/ PEDT:PSSH/ TFB/ F8BT/ Ca/ Al.  In 
these devices, TFB provides the hole-transporting and electron-blocking interlayer while F8BT is the 
electron-transport and light-emitting layer (energy-level diagram in inset of Figure 3.3).  The recombination 
of holes and electrons is pinned to the TFB/ F8BT interface where a large mismatch in the transport levels 
occurs. A fraction of the recombination can however be captured by an exciplex state which ultimately limits 
the attainable ηext.29 Previously this heterostructure could only be fabricated through a long hard-bake of 
TFB on PEDT:PSSH followed by a solvent wash-off to leave an ultrathin film of insolubilised TFB.14 Here 
we can make this heterostructure with fine control over the interlayer thickness simply by spin-casting.  
Without the TFB interlayer, ηext is only 0.4 %, due to poor hole injection.6  With a 10-nm-thick TFB 
interlayer, the efficiency jumps tenfold to 4.4 % (yellow-green emission) which levels off for thicknesses 
above 15 nm at 5.1 % (18 cd A–1).  This is a factor of three as efficient as those fabricated from hard-baked 
interlayers, 14 and is the highest efficiency reported so far for thin F8BT light-emitting films, though still likely 
limited by the exciplex state formation, and/or exciton quenching at the cathode.   The j increases initially 
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and then falls with TFB thickness while the ηext peak shifts towards higher voltages (Figure 3.11).  This 
initial increase, attributed to improved hole injection through the ultrathin interlayer by electron pile-up at the 
interface, and its eventual fall-off, to space-charge resistance in TFB, provides a remarkable example of 
systematic fine-tuning of polymer diode characteristics. 
 
Figure 3.11 High-efficiency SCH LEDs.  Device structure:  glass/ ITO/ 65-nm PEDT:PSSH/ x-nm TFB/ 70-nm F8BT/ 
3-nm Ca/ Al.  (a)  Current-density vs voltage characteristics for different TFB thicknesses (inset: schematic energy-
level diagram).  (b)  External electroluminescence quantum efficiency vs voltage characteristics. Data from P. Ho. 
 
The efficiency is given by ηext = radstrecout qrγξ , where ξout is the optical outcoupling efficiency, γrec is the 
electron–hole recombination efficiency, rst is the singlet–triplet ratio, and qrad is the fraction of emissive 
singlet excitons formed.17  For this set of devices, ξout is constant because the microcavity effect which is 
dominated by the distance between the recombination zone and cathode17 is set by the same F8BT film 



















































leakage.30 Therefore ηext should track qrad which is affected by quenching.  The results in Figure 3.11b 
indicate that this qrad increases and levels off after a 10–15-nm-thick TFB interlayer.  This suggests the 
existence of a long-range quenching mechanism by the PEDT14 that can operate out to ca. 10 nm.  
Therefore the TFB layer here performs a role as an exciton buffer interlayer in addition to charge injection 




We have demonstrated that sterically-hindered bis(fluorinated phenyl azides) provide a practical and 
versatile crosslinker methodology compatible with a wide variety of polymer organic semiconductors.  This 
enables not only useful photo-patterning, but also post-deposition surface and bulk modifications of the 
polymer films and the fabrication of high-quality heterostructures in general.  The demonstration of separate 
confinement heterostructures for efficient polymer light-emitting diodes and the vertically-layered columnar 
nanostructures for efficient polymer photovoltaics here clearly show that new opportunities for manipulating 
charge carriers, excitons and photons in organic polymer semiconductor devices with far-reaching 
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Stable ultrahigh work function polymer hole-injection layers 
 
In this chapter, air-stable solution-processed p-doped polymers with work functions larger than 5.6 eV are 
demonstrated through thin-film contact doping or solution-state p-doping of high ionisation potential (Ip) 
polymers, such as of the triphenylamine–fluorene and N,N,N’,N’-tetraphenylphenylenediamine–fluorene 
copolymers, using the “fugitive” oxidant, NO+ nitrosonium ion.  These materials can provide efficient hole-
injection into deep Ip polymers, such as poly(9,9-dialkylfluorene) (F8), which are important deep-blue 
emitters.  By crosslinking the HIL, it becomes possible to systematically vary the doping level and study its 
influence on work function, atomic core levels and valence band structure of the p-doped HIL.  As the 
doping level increases the work function shifts to the edge of the π-band formed by the highest-occupied-
molecular-orbital (HOMO) until the doping level approaches 1 hole per repeat unit, when it further shifts to 
the edge of the π-band formed by the singly-occupied-molecular-orbital (SOMO).  The distinction between 
these two π-bands resolves the apparent paradox of how the work function of some heavily-doped 
triarylamine polymers can greatly exceed the Ip of the neutral polymers.  This conclusion is supported by 
semiempirical AM1 calculations of the radical cation state of the polymers.  Detailed device measurements 
reveal that these ultrahigh work function HILs can indeed provide ohmic hole injection of space-charge-
limited-currents into intrinsic F8, remarkably even for intrinsic-F8 films as thin as 40 nm.  Unexpected new 
results have also been obtained, including doped contacts can exhibit ohmic injection despite large 





Achieving ohmic contacts is key to maximising the power efficiency of semiconductor devices and 
minimising their degradation.  In the field of doped silicon and other band semiconductor diodes, ohmic 
contacts refer to those junctions that exhibit non-rectifying linear current–voltage characteristics.  This is 
typically achieved by heavy doping of the semiconductor junction at the contact so that carriers at the Fermi 
level of the metal electrode can inject into the relevant valence or conduction band over a negligible barrier.  
For organic semiconductor diodes however, which are often operated with the semiconductor film undoped, 
ohmic contacts refer to those junctions that are able to inject the maximum space-charge-limited current 
(SCLC) density into the semiconductor film at the typical operation voltage.   
 
Since the SCLC density is proportional to carrier mobility and inversely proportional to the cube of the 
semiconductor film thickness (for the case of constant carrier mobility), whether the contact behaves 
ohmically or not depends on the carrier mobility and thickness of the semiconductor into which it injects.  It 
has not yet been possible to attain ohmic injection into 60–100-nm thick deep Ip materials, such as 
poly(9,9-dialkylfluorene), which are of great interest as model hosts for deep-blue thin-film polymer organic 
light-emitting diodes (OLEDs).  
 
When contacts are non-ohmic, the interface resistance becomes large compared to bulk resistance. This 
causes undesirable power dissipation and possible degradation acceleration at the interfaces of the 
devices. Therefore establishment of ohmic contacts is of critical importance to maximise device efficiency 
and minimise interface electric field and degradation to improve device stability. This is important not only 
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for polymer OLEDs but also for organic photovoltaic cells (OPVs) and organic field effect transistors 
(OFETs). 
 
Significant advances have taken place recently in evaporated OSC devices primarily through the 
development of p–i–n doped heterostructures to provide for a thick doped OSC transport layers which are 
electrically conductive and easy to fabricate.1-4 This is required for several reasons, including to space the 
charge-carrier recombination zone away from the cathode which is particularly important in evaporated 
OSC devices with isotropic emitters. For these molecular OSCs, this is readily achieved by co-evaporation 
of the dopant with the transport layer.4-8  The contact between this transport layer and the metal electrode is 
expected to be ohmic, because heavy doping in the OSC squeezes the depletion width is as well-known in 
silicon technology.   
 
However the contact between the p-doped OSC, which is often called the hole-injection layer (HIL), and the 
adjacent intrinsic semiconductor layer in which charge carrier recombination and light emission occurs may 
not be ohmic.  This chapter focuses on studies at model contacts of these p-doped HIL and deep-Ip 
semiconductors in polymer OSC devices.  The idealised energy-level scheme for devices with functional 
injection and blocking interlayers is shown in Figure 4.1.  
 
For solution-processed polymer OSCs of primary interest to us, there is an additional challenge that arises 
from the re-dissolution of the underlayer when the overlayer is deposited, and from the need to “fix” the 
desired doped heterostructure profile.   Thus while bulk chemical doping is known for both polarities,9-13 and 
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has been implemented in device structures, e.g., in p-doped polymer distributed Bragg reflectors for 
microcavity LEDs,14 the general fabrication of more complex polymer device structures with controlled 
doping and work function remains elusive.   A possible approach through the use of layer-by-layer 
assembled polyelectrolyte films to provide a gradient doped profile has been proposed,15 but the question 
still remains whether it is possible to achieve the required large work function needed to impose ohmic 
injection into the thin deep-Ip OSC films of interest. 
 
In polymer OLEDs, the standard p-doped HIL that has been widely used is the commercially available and 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDT:PSSH),16,17 or increasingly one of the 
newer advanced HILs that are based on p-doped thiophene polymers.  PEDT:PSSH has a work function of 
5.2 eV and is able to inject holes efficiently into the highest-occupied-molecular-orbital (HOMO) of light-
emitting polymers (LEPs) with Ip smaller than about 5.5 eV, but quickly becomes inefficient for deeper Ip 
LEPs.  There is increasing interest in developing deeper Ip materials for various reasons, such as reducing 
the need for low work function metals as the cathode. Low work function metals are reactive and require 
rigorous encapsulation to protect from the ambient.  Ultimately, for very large area displays and flexible 
displays, it is desirable to be able to work with less air-sensitive cathodes. This will be useful for short-
channel OFETs also.  Furthermore for OLEDs, deep Ip materials can have large π–π* gaps that can 
accommodate deep-blue emission.  For OPVs, deep Ip materials can advantageously provide for larger 
open-circuit voltages and hence higher power conversion efficiencies, if the matching deep work function 
hole collection layer is available. We expect that simply increasing the device open circuit voltage from 0.65 
V to 0.8 V could help raise power conversion efficiency by 20–30% even in the standard regioregular 





Figure 4.1 Idealised schematic energy level diagram for (a) standard polymer OLED devices, and (b) when fitted with 
graded injection layers to address the transport levels in the polymer.  HTL=hole-transport layer, ETL=electron-
transport layer, EEB=electron- and exciton-block, HEB=hole- and exciton-block, LEP=light-emitting polymer, 
HOMO=highest-occupied-molecular-orbital, LUMO=lowest-unoccupied-molecular-orbital. 
 
Some ways to improve performance of polymer OLEDs include inserting a HTL layer with Ip in-between the 
Fermi level of the electrode and Ip of the LEP18 and graded injection15.  These approaches are based on 
cascade injection in which a potentially energetically expensive hop from the Fermi level of the electrode 
into the relevant transport level is broken up into several small steps.  Alternatively there has also been a 
small effort in the literature to achieve deep work function p-doped HILs, based on the notion that a deeper 
Fermi level will be able to injection holes into materials with a deeper HOMO.  However the fundamental 
















understanding is still incomplete, and our experiments in this chapter suggest the physics is richer than 
what has commonly been assumed.  There has for example been reports on ternary PEDT:PSSH:Nafion19 
systems with reported work function of 5.6 eV.20,21  This material does not appear to have gained 
popularity.  In the course of my work on this thesis, I found that this material is unstable and aggregates 
over time. The long ultrasonication steps introduced by Lee et al 20 during the pre-preparation of 
PEDT:PSSH:Nafion before spin-casting is likely to have caused fragmentation of the fluoropolymer chains 
which then builds a thin insulating surface layer over the spin-cast PEDT:PSSH:Nafion.  This is well known 
to block electron leakage and hence raise luminance efficiency but at the expense of higher drive voltages, 
which is not acceptable in many situations. The other issue connected to this is that the PEDT:PSSH 
component is known to be electrically unstable under high potential bias.22  I have also shown that in the 
diluted PEDT systems, electromigration of the p-doped PEDT chains to the negatively-polarised interface 
can occur after prolonged device operation.23 Thus a new concept for p-doped materials that are solution-
processable, air-stable, and has ultrahigh work functions larger than 5.6 eV needs to be developed. This 
will be useful not only for OSC devices but also quantum dot, graphene and carbon nanotube devices 









Two families of triphenylamine–fluorene copolymers (Txx series) and N,N,N’,N’-
tetraphenylphenylenediamine—fluorene (Pxx series) copolymers were studied. These materials were 
provided by Cambridge Display Technology/ Sumitomo Chemical Company. These polymers have different 
trifluoromethyl substitution patterns at the pendant phenyl ring to alter their Ip.   They were chosen because 
the CF3 substitutions provide for systematic “tuning” of the Ip of the polymers to span a very wide range 
from 5.5 to 6.5 eV, which is very useful for model studies.  Secondly, these polymers are amorphous, and 
so the results can be more readily understood without complications from crystal packing effects.  Finally, 
we hypothesised that the amine polymers will likely provide air-stable p-doped materials because of charge 





Figure 4.2 Chemical structures of triphenylamine–fluorene (Txx) and N,N,N’,N’-tetraphenylphenylenediamine–
fluorene (Pxx) copolymer families studied in this chapter.  Materials were kindly provided by CDT/ SCC (Dr Jeremy 
Burroughes). 
 
The Ip have been measured by ultraviolet photoemission spectroscopy from the onset of the edge of the π-
HOMO band, and are tabulated in Table 4.1.  The valence band spectra will be presented in Section 4.3.4 
together with discussions on the effects of p-doping.  It is clear that the Ip of the polymers gets deeper with 



















































Table 4.1 Ionisation potential of triphenylamine–fluorene and N,N,N’,N’-tetraphenylphenylenediamine –fluorene 
copolymers measured by ultraviolet photoemission spectroscopy in this work. 
Polymer  Ip (eV)  Polymer  Ip (eV)  
TFB  5.5  PFB  5.5  
mTFF  5.95  mPFF  6.15  
pTFF  6.3  pPFF  6.3  
TDF  6.4  PDF  6.45  
 
 
4.2.2 p-Doping methodology 
 
The use of nitronium NO2+ and nitrosonium NO+ salts as powerful one-electron oxidants in both organic 
and inorganic chemistry is well known. These are moisture sensitive compounds which decompose in the 
presence of H2O to give NO2. They are soluble and stable in dry acetonitrile and nitromethane, but reacts 
with diethyl ether, acetone and THF.  
 
Although nitronium has been more often used previously in the conducting polymer literature, we realised it 
has complex chemistry characterised by inner-sphere electron transfer that can potentially lead to 
electrophilic substitution with the nitro group.24  On the other hand, I found that nitrosonium is stable, can be 
manipulated, titrated and even stored in solution state.  Hence it is a potentially manufacturable technology.  
Therefore although the earlier part of the work in this chapter was carried out with NO2+ as oxidant, the 
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latter part exclusively used NO+.  Nevertheless detailed X-ray photoemission spectroscopy has not found 
evidence for nitration of the polymers provided the NO2+ concentration was sufficiently low. The 
concentration of NO+ in solution can be quantitative analysed by titration using mesitylene with which it 
gives a red complex with a large formation constant of 103,25,26 which therefore makes it easy to track the 
“activity” of the NO+ more so than NO2+.    
 
The formation and ready removal of a gaseous by-product (NO) in the oxidative reaction of NO+ provides 
an advantage over other strong oxidants.  The following two chemical equations schematically show the 
one-electron reactions involved.  P represents a conjugation unit of the polymer. 
 
NO+ + e– → NO (g) 
P → P+ + e– 
 
The counterion for the p-doped polymer P+ comes from the counterion of NO+, which can also be 
exchanged with other species as described in this chapter. 
 
We have developed two methodologies to dope polymer OSCs.  In the first approach, which is thin-film 
contact doping, we deposit the polymer film to a thickness of 5–20 nm, photocrosslink it as described in 
Chapter 2, then p-dope the film with nitronium or nitrosonium solutions at the selected concentration in 
nitromethane in the glovebox (pO2, pH2O < 1 ppm),27,28  as outlined in Figure 4.3.  In this procedure, the 
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film to be doped was held on the spin-coater.  The dopant solution was added to cover the film, and spun 
off at high speeds (6000 rpm) after typically 30 s.  The doped film was then washed once with clean 
anhydrous nitromethane, and spun off at 6000 rpm to remove excess dopant salt that may have 
precipitated on the surface.  A number of experiments (primarily from UV-Vis spectroscopy carried out in 
the glovebox) suggests that 30 s is sufficient to cause exhaustive and homogeneous doping for films up to 
50 nm, and the subsequent solvent wash step does not cause significant dedoping even of deep Ip films 
such as poly(9,9-dialkylfluorene). This contact doping method is very useful for doping non-amorphous 
polymers.  The photocrosslinking step may be optional if the p-doped film is insoluble in the dopant 
nitromethane solution.  For the amine polymers here, this step is mandatory, as the doped polymers of both 




Figure 4.3 Schematic of the thin-film contact doping method to fabricate p–doped OSC films with ultrahigh work 
functions. 
 
In the second approach, which is solution-state doping, we prepare the solution of the desired p-doped 
polymer directly by mixing the polymer with the nitronium or nitrosonium oxidant, then purify the doped 
polymer by precipitation with a non-solvent and re-dissolving in a solvent, as schematically shown in Figure 
4.4(a).  The required amount of oxidant depends on the Ip of the polymer.  For TFB and the Pxx series of 
polymers, the required oxidant ratio appears to be stoichiometric.  As the Ip increases down the Txx series 





to TDF, the doping reaction becomes increasing difficult.  Typically the oxidant is used at the 0.8–1.5 
equivalent.  In a typical preparation, the OSC (e.g. mTFF, chemical structure in Figure 4.1) was dissolved in 
anhydrous chloroform in the nitrogen glovebox to make a 30 mM solution. The required amount of 30 mM 
NO2+SbF6- or NO+SbF6- in anhydrous nitromethane was added dropwise.  Immediately, the solution 
changed from colourless to dark red (Txx series) or dark blue (Pxx series) as a result of the emergence of 
the polaron band.  This provides direct evidence of the success of the p-doping reaction.  To remove any 
excess dopant or other low molecular weight by-product present, the polymer was precipitated with 
anhydrous ether.  The sample vial was then capped tightly, sealed with parafilm and centrifuged. The 
supernatant was removed by micropipette in the glovebox and the dark red (or dark blue) centrifugate was 
redissolved in nitromethane to completely restore the solution.  These purified p-doped polymer solutions 
are surprisingly stable for weeks when kept in the glovebox, as evidenced by the solid-state UV-Vis spectra 
of the spin-cast films.  Also the precipitation and purification step which isolates the p-doped solid does not 
cause dedoping.  This solution-doping method is however not suitable for semi-crystalline OSCs such as 
poly(9,9-dioctylfluorene-2,7-diyl–benzo-2,1,3-thiadiazole-4,7-diyl) (F8BT) and poly(9,9-dioctylfluorene) (F8) 
because their p-doped form (with SbF6– as counter-ion) is not soluble in nitromethane or the other polar 
solvents for the oxidants.   
 
The doped solutions made by solution state doping method were filtered through a 0.45-µm PTFE filter at 
point-of-use and spin-cast to give p-doped films of the various HILs.  These films typically show good 





Figure 4.4 Schematic of the solution-doping method to fabricate p–doped OSC films with ultrahigh work functions. 
(a)  Oxidation of polymer solution, followed by precipitation–purification to isolate the p-doped polymer solid, then 
redissolution.  (b) Direct oxidation of polymer solid to give the p-doped polymer solution. (a) provides control over the 
oxidation stoichiometry. (b) is seldom used now. NM=nitromethane, ACN=acetonitrile. 
 
These procedures are an improvement over my earlier procedures schematically illustrated in Figure 
4.4(b). A known amount of polymer was weighed into an empty vial in the glovebox.  Anhydrous 
nitromethane was added to this solid to give a suspension to which the oxidant solution was added 
dropwise.  The solution slowly changes colour corresponding to the dissolution of the p-doped polymer. 
The addition of dopant was continued until most of the polymer dissolved.  This method is less controllable 
because of the uncertainty in the amount of doped material that finally dissolves in the solvent.  The use of 
acetonitrile may cause side reactions (according to X-ray photoelectron spectroscopy) and so should be 














4.3 Results and discussions 
 
4.3.1 Spectroscopic characterisation of p-doped OSC HIL films 
 
 
Figure 4.5 shows an example of the typical UV-Vis-NIR optical transmission spectra that are collected 
routinely in the glovebox to monitor each doping reaction, in this case of a 20-nm-thick film of poly(9,9-
dioctylfluorene) (F8) contact-doped with a 30-mM nitronium hexafluoroantimonate solution.  The π–π* band 
of F8 at 380 nm bleaches while a sub-gap polaron transition emerges at 550 nm. The doping can be fully 
reversed, e.g., by extensive washing of the p-doped film, which shows that chemical doping rather than 
degradation or undesirable side-chemistry had occurred.   
 
Figure 4.5 –log(Transmittance) UV-Vis-NIR spectra of the poly(9,9-dioctylfluorene) (F8) film before (red spectrum) 
and after (blue spectrum) thin-film contact doping with NO2+.  p-F8 = p-doped F8, i-F8 = intrinsic F8.  Chemical 























For this 20-nm-thick p-doped F8 film with SbF6– counter-ion, the work function was measured by ultraviolet 
photoemission spectroscopy to be 5.6 eV and broadly independent of film thickness from 3 to 25 nm. The 
doping level was measured to be 0.6 hole per repeat unit by x-ray photoemission spectroscopy (XPS) from 
the calibrated stoichiometry of the Sb3d3/2 and F1s to C1s core-level intensities. 
 
We have extensively carried out similar measurements for the p-doped state of the Txx and Pxx copolymer 
series.  
 
4.3.2 Stability of p-doped mTFF  
 
Figure 4.6 reveals the stability of the p-doped mTFF material which suggests there is compatibility with 
potential manufacturing requirements.  Figure 4.6(a) shows the UV-Vis spectra of the p-doped films spin-
cast after different elapsed time up till 8 days after preparation of the p-doped mTFF solution by solution-
state doping.  There is very little change in the polaron band spectrum or intensity.  Therefore the p-doped 
mTFF polymer is stable in solution (kept in the glovebox) for more than 1 week, despite the deep Ip of the 
polymer (5.95 eV) and very high work function of 5.7 eV for the solid film.  
 
p-Doping causes the π-π* absorption band of the neutral mTFF polymer at ca. 3.4 eV to bleach out, and 
polaron bands to emerge at 2.5 eV and ca. 0.9 eV.  The lower energy transition is seen as a tail here, but is 
a distinct band in FTIR experiments in the near-infrared region.  The appearance of these sub-gap 
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transitions is explained by the traditional one-electron picture description of the electronic transitions 
between sub-gap polaronic levels, as shown in Figure 4.7.   
 
 
Figure 4.6 –log(Transmittance) UV-Vis-NIR spectra of p-doped mTFF films with SbF6– as counter-ion spin-cast from 
the p-doped polymer solution.  (a) UV-Vis-NIR spectra of films spin-cast after an elapsed time interval since the 
preparation of the p-doped polymer solution in the glovebox.  The spectrum of the undoped polymer is included for 
comparison.  Inset shows a photograph of the p-doped mTFF solution taken in air.  (b)  UV-Vis-NIR spectra of a film 
spin-cast and kept in ambient cleanroom air (temperature 22ºC, relative humidity 65%).  The spectrum of the 
undoped polymer is also included for comparison.  The doping level is ca. 0.95 based on the calibrated polaron band 
intensity (vide infra).  The work function is 5.7 eV.   
 
 
A polaron is a quasi-particle formed by interaction of the electron and the skeletal deformation of the 
polymer backbone, which leads to self-trapping of the charge whether electron or hole, due to stabilisation 
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found to correlate linearly with the bleaching of the π–π* band (vide infra), and these two thus together 
provide a direct measure of the doping level of the film (vide infra).  They also provide a sensitive check for 
any dedoping of the film.  This is fundamentally different from doping in band semiconductors in which no 
sub-gap states are introduced, as the charge-carrier is delocalised.   
 
 
Figure 4.7 Classical one-electron energy-level diagram showing the formation of intra-gap states from the frontier 
levels of the neutral molecule in a positive polaron.  The lower level is singly-occupied and so is called the single-
occupied-molecular-orbital (SOMO). The transitions denoted P1 and P2 are the lower- and higher- lying sub-gap 
polaronic transitions. 
 
Figure 4.6(b) shows the time dependence of the UV-Vis-NIR spectra of p-doped mTFF thin films after 
keeping in cleanroom ambient air.  The polaron band intensities diminish with time, while the π–π* intensity 
recovers.  This is a clear signature of dedoping.  The time taken for 10% de-doping is about 2 days in air.  
This thus sufficient ambient stability for manufacturability with existing tool sets, since the rest of the device 











other p-doped members of the Txx and Pxx families have also been measured (data not shown), and found 
to have similar ambient stabilities, except for p-doped TDF which appears to have inferior stability. 
 
These materials despite their deep work functions in the solid-state (>5.7 eV) are therefore remarkably 
stable to air exposure unlike Mo oxide films, which are known to quickly lose work function within minutes 
of exposure to ambient air.29,30 A possible reason for this may be attributed to the difference in origin of the 
high values of their work functions.  The work function of Mo oxide may receive an important contribution 
from surface dipole or surface band bending effects, while that of the p-doped polymers here may originate 
largely from a bulk electronic effect, as suggested by ultraviolet photoemission spectroscopy (vide infra). 
 
4.3.3 Dependence of electronic structure on doping level of mTFF  
 
To understand the fundamental changes during doping of these materials, variable-doping has been 
performed on an mTFF film as the model polymer using the thin-film contact doping methodology with NO2+ 
as the oxidant.  mTFF was selected for study because it is readily highly doped, and can provide a wide 
range of doping levels between 0.0 and slightly in excess of 1.0 hole per repeat unit.   The mTFF was 
blended with 5 w/w% FPA6 photocrosslinker in solution and spin-cast on glass or Au-coated silicon 
substrate, then photo-exposed to 254-nm deep UV to crosslink the film.  The undoped film thickness is 50 
nm.  Without crosslinking, contact doping will result in dissolution of the p-doped mTFF and removal of the 
film in the nitromethane solvent. After photocrosslinking the mTFF film, contact doping with different 





Figure 4.8 shows the UV-Vis-NIR spectra of these variable-p-doped mTFF films as a function of the 
concentration of the dopant solution used for contact doping.  The spectra are also labeled by their doping 
level which was separately established by XPS measurements of the SbF6– to N ratio through the 
appropriate core levels (Sb3d3/2, F1s and N1s) after standard empirical photoionisation cross-section 
corrections. These doping levels are further checked for self-consistency by curve-fitting of the N1s core 
levels (vide infra).  The data shows the expected systematic loss of the π–π* band intensity and emergence 
of the two sub-gap polaron bands as doping level increases. It is clear that for doping level of ≤ 1.0 hole per 
repeat unit, the intensity loss of the π–π* band correlates linearly with the intensity rise in the higher-lying 
polaron band, and thus provides a simple measure of the doping level.  This suggests that the polarons are 
localised, which has indeed been found to be the case, from both N1s core-level XPS and from quantum-
chemical calculations (vide infra).  Above the doping level of 1.0 hole per repeat unit, the polaron band 
evolves in a more complex way.  The higher-lying polaron transition bleaches, while the lower-lying polaron 
transition develops a blue-shifted tail.   As this corresponds to over-doping, or the bleaching out of the 





Figure 4.8 –log (Transmittance) UV-Vis-NIR spectra of a 50-nm-thick p-doped mTFF film made by contact doping to 
different doping levels.   The spectra are annotated with the experimental conditions, and labeled with the doping 
level in holes per repeat unit established by XPS. 
 
Ultraviolet photoelectron spectroscopy (UPS) measurements were performed in an ESCALAB MkII 
spectrometer at a base pressure less than 10–9 mbar. The work functions of the various p-doped mTFF 
films were measured using 21.21 eV He I radiation. Variable-p-doped films with thicknesses of ca. 20 nm 
were prepared in the same way as above, but using a lower polymer concentration, on oxygen-plasma-
cleaned gold-coated silicon substrates. The samples were then transferred to the spectrometer in a N2 
heat-sealed bag and shielded from light, to avoid exposure to ambient air and light.  An undoped film of 
mTFF was also measured as reference. 
 
Figure 4.9 shows the UPS spectra of these films at the Fermi-level region.  Upon doping, the Fermi level in 




































hole per repeat unit, when it shifts further down.  The HOMO π band (–6.45 eV) of the neutral polymer 
bleaches to half its intensity.  This band corresponds to the HOMO centred on the N atom according to 
quantum chemical calculations (vide infra), which is depleted upon p-doping.  The HOMO–1 π band (–7.3 
eV) arises from the molecular orbital with large amplitudes on the fluorene segment, which is not expected 
to bleach out until doping exceeds 1 hole per repeat unit.  Both these expectations are borne out.  In 
addition both the HOMO and HOMO–1 bands broaden with doping, possibly due to the random Coulomb 
potential introduced by the counter-ions.  The work function thus increases rapidly and then levels off in the 
heavily doped regime.  This suggests that the work function of these p-doped HIL films is rather robust 
against changes due to doping-level fluctuations.  
 
 
Figure 4.9 UPS spectra showing the Fermi edge regions for mTFF films with different doping levels.  The doping 
levels have been established by XPS measurements of the SbF6– to CF3 ratio, and verified by N+ to N ratio.  The 
short vertical bar indicates the Fermi level. 
 




















X-ray photoelectron spectroscopy (XPS) were performed on the same films in the ESCALAB MkII 
spectrometer after UPS to evaluate the chemical composition of the doped films and the extent of charge 
delocalisation based on the N1s core level. Core level spectra were measured at a photoemission angle of 
θ = 90º, using x-ray source Mg Kα at 1253.6 eV and detected using a hemispherical electron analyser with 
a resolution of 0.7 eV using a constant pass energy of 20 eV. N1s, F1s, C1s, Sb3d together with a wide 
survey spectrum were acquired for each sample.  The survey spectrum was collected at a constant pass 
energy of 50 eV to coarsen its resolution and reduce the number of steps required.   
 
The photoelectron inelastic mean free path (λo) is the distance over which the photoemitted electron 
survives with a probability of better than 1/e without energy loss.    This determines the information depth 
sampled by the technique, and varies weakly with the photoelectron kinetic energy across the binding 
energy spectrum. However, for the atomic states studied in this work (i.e. C1s, F1s, N1s and Sb3d), the 
variation is small and can be approximated to be nearly constant at ca. 25 Ǻ. At θ = 90°, the 1/e 
photoemission depth is therefore ca. 25 Ǻ, and the information depth is usually taken to be 3 λo (i.e. 75 Ǻ). 
As the binding energies are sensitive to the chemical environment of the atoms, the chemical state of the 
atoms can be determined.  Furthermore, it is relatively straightforward to quantify the relative 





Figure 4.10 C1s, N1s, Sb3d3/2 and F1s core-level spectra collected on 20-nm-thick films of variable-p-doped mTFF 
on Au plotted as binding energy from the vacuum level for: (a) pristine mTFF film, and p-doped mTFF films made by 
contact doping with (b) 1mM (c) 3 mM (d) 10 mM and  (e) 30 mM nitronium hexafluoroantimonate in nitromethane. 
Symbols, data; smooth green line, fitted sum; rough green line, residual. For N1s core level, blue-shaded component 
corresponds to the neutral undoped amine nitrogen atoms, while the green-shaded component corresponds to the p-
doped charged nitrogen atoms. For the F1s core level, the green-shaded component corresponds to the SbF6- ion, 
while the blue-shaded component corresponds to the CF3 group which acts as internal marker.  
 
Selected core-level spectra were processed by linear background subtraction and fitted with Gaussian 
components with realistic constraints to minimise the residual.  The binding energies of the components 
were separately established from independent measurements.  To determine the atomic stoichiometries, 




Binding energy vs Evac (eV)














atomic photo-ionisation cross-sections, electron inelastic mean free path, and the spectrometer 
transmission function. The quantification error is expected to be ±10% from systematic effects.  
 
Figure 4.10 shows an example of a set of curve-fitted C1s, N1s, Sb3d3/2 and F1s core-level spectra of 
crosslinked mTFF thin films spin-cast on Au/Si wafers, and variably p-doped by contact doping with 
nitronium hexafluoroantimonate at various concentrations, in the glove box.  The spectra show the 
progressive incorporation of SbF6– dopant counter-anions into the film as it is progressively doped by 
contact with SbF6– solutions of increasing concentrations.  Analysis of the F1s core spectra gives a higher 
binding energy component at 692 eV due to the CF3 group which can be used as internal reference, and a 
lower energy component at 691 eV due to SbF6–.  Quantitative analysis of the ratio of SbF6– to CF3 shows 
that the doping level increases from 0.2 to 1.2 holes per polymer repeat unit, as the solution dopant 
concentration increases from 1 mM to 30 mM. 
 
Analysis of the curve-fitted N1s core-level spectra clearly shows the loss of the neutral amine N1s 
component at 405 eV, and gain of higher binding energy components above 406 eV, which we assign to 
the charged polaronic nitrogen atom (N+).  The [N+] / [N] ratio, where [N+] is the summed intensity over all 
the higher binding energy components and [N] is the total integrated nitrogen intensity, tracks the [SbF6–] / 
[CF3] ratio perfectly, with a slope of 1.0 ± 0.1.  This suggests that the polaron is localised onto the nitrogen 
atom and its vicinity in the molecular structure.  In other words, the polaron charge density does not 
significantly delocalise onto adjacent amine atoms, otherwise the [N+] / [N] ratio will not equal the [SbF6–] / 
[CF3] ratio.  Therefore the Txx polymers, of which mTFF is presented as an example here, behaves in a 
simple way upon doping.  The nitrogen atom is either charged by oxidation, or uncharged, which is different 
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from the usual conjugated homopolymers where the charge can delocalise over large and variable lengths 
of the polymer segments.  Quantum chemical calculations are in accord with this picture (vide infra).  This 
provides a good basis for further fundamental studies.  An important consequence of this is the [N+] / [N] 
ratio can be used to accurately measure the doping level of the polymer directly, without any uncertainties 
introduced by the use of empirical sensitivity factors. These results suggest a possible reason why the p-
doped mTFF can be unusually stable compared to other p-doped conjugated polymers such as F8 where 
the charge is a carbocation state. 
 
Figure 4.11 plots the work function of p-doped mTFF against doping level. Clearly over a fairly wide range 
of doping level of 0.25 to 1.0 hole per repeat unit, the work function changes relatively with doping level.   
This study suggests that full doping or over-doping beyond 1 hole per repeat unit could be used to further 
push up the work function of this material.   However full doping may lead to loss of electrical conductivity 
and the over-doped state may likely to be less than ideal.  Experiments in this direction are still in progress. 
 

























4.3.4 Dependence of work function on counter-ion  
 
In this section, the possibility of using large counter-anions to further increase the work function of p-doped 
mTFF is investigated.  The motivation for this is twofold.  Previous work31 to which I have contributed, but 
not described in this thesis, has demonstrated through the spectator ion effect that the work function of p-
doped poly(3,4-ethylenedioxythiophene) receives a large contribution from the aggregated Coulomb 
potential, which we have called Madelung potential in analogy to the situation in ionic solids.  Briefly, by 
shifting the counter-ion further away from the polaron charge density, we expect that the hole energy on the 
polymer to increase, and hence the work function to increase further.  This has been borne out by the 
measurements here.  Secondly, we wish to examine whether it is possible to obtain a more stable state 
using a non-nucleophilic anion tetrakis(3,5-bis(trifluoromethylphenyl))borate (BArF–) in place of SbF6– which 
is known to undergo hydrolytic cleavage in air (as evidenced by XPS measurements of the Sb3d core 
level). 
 
Figure 4.12 shows the chemical structure and van der Waals surface of both these anions.  The van der 
Waals image has been computed by AM1 semiempirical methods.  The van der Waals diameter of BArF– 
and SbF6- have thus been found to be 16 Ǻ and 6.7 Ǻ respectively.  Both are essential “spherical” anions, 
and so the centre of charge is well-defined.  As BArF– is considerably larger, we also expected dopant 
diffusion through the polymer matrix to slow down.  Also the larger counter-ion to the polaron charge 




Figure 4.12 Chemical structure and van der Waals surface of (a) tetrakis(3,5-bis(trifluoromethylphenyl))borate (BArF–
) and (b) hexafluoroantimonate (SbF6–).  F = yellow, H = white, C = light grey, Sb = dark grey.  The van der Waals 
diameter of BArF– and SbF6– is 16 and 6.7 Ǻ respectively. 
 
However, nitrosonium BArF– is not commercially available. Attempts to prepare it by ion-exchange 
metathesis reaction led to a liquid material that appears to have been degraded: 
NO+ SbF6– (nitromethane) + Na+ BArF– (chloroform) → Na+ SbF6– (insoluble salt) + NO+ BArF– (soluble) 
 
We hypothesised that NO+ is a sufficiently powerful oxidant to oxidise BArF– and cause its fragmentation, 
which was detected in the FTIR measurements. 
 
We adopted an alternative approach. The OSC is first doped by NO+ SbF6– in the standard solution-doping 
method as described earlier to give the p-doped polymer that is counter-balanced by SbF6–.  This was then 
purified and ion-exchanged with NaBArF to obtain the p-doped polymer counter-balanced by BArF–.  




















spectroscopy of the p-doped films does not show any loss of doping as the smaller SbF6– counter-anion 
was exchanged with the bulkier BArF– counter-anion.   
 
Figure 4.13 shows the work function of the BArF– counter-balanced Txx and Pxx polymers together with the 
corresponding SbF6– counter-balanced ones.  Clearly, the use of the bulkier BArF– as counter-anion has 
led to an increase in the work function by 0.3–0.4 eV.  This is qualitatively consistent with the reduction of 
Coulomb stabilisation of the hole polaron as a result of the larger size of the BArF– anion.  The highest work 
function reached now is 6.1 eV for p-doped TDF.  This is the highest work function recorded in a spin-cast 
polymer film to date. 
 
A peculiar feature of these results is the apparent leveling off of the work function for the last three 
members of each of the series.  Although Ip continues to increase, work function levels off at ca. 5.65 eV 
and 6.0 eV respectively for SbF6- and BArF– counter-balanced materials respectively.  In a first order 
picture, one would expect the work function to increase with Ip, since the work function is set by the edge of 
the HOMO modified by the Madelung potential effect.  This notion has indeed provided the motivation to 
investigate the work function of doped materials with increasing Ip in the first place.  Since the Madelung 
potential effect can be expected to be relatively constant across a polymer series for a given counter-ion, 
the work function should then increase with Ip at constant doping level. 
 
Detailed analyses of the XPS dopant ratio, N1s core-level fitting, and UV-vis-NIR spectroscopy all confirm 
that the doping level is nearly independent of the nature of the counter-ion.  The doping levels of the p-
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doped Pxx series are furthermore constant at 1.0 hole per repeat unit.  The doping levels of the Txx series 
however decrease as:  TFB (0.95) > mTFF and pTFF (0.7) > TDF (0.4).  This shows that the Pxx series is 
more readily doped than the Txx series, even for the same Ip and work function.  The difference between 
SbF6– and BArF– counter-anions is typically less than 10% of the doping level.  Therefore counter-ion 
exchange with the bulkier BArF– does not cause dedoping.  It is clear in view of the weak dependence of 
work function with doping level discussed in Section 4.3.3, that the work function trend here has not been 
compromised by variation of the doping level over this range.  Hence there is indeed an unexpected 
leveling off of the work function.  This will be discussed further in Section 4.3.5. 
 
Figure 4.14 shows the UPS spectra for the undoped Txx polymers, together with their p-doped form with 
SbF6– and BArF– as counter-ions. The Ip of the undoped polymer clearly shifts as the energy of the HOMO 
edge increases along the series:  unsubstituted < m-CF3 < p-CF3 < di-m-CF3.  When these films are doped, 
the valence band shape evolves and the Fermi level moves towards the π-band edge as discussed in 
Section 4.3.3.  When the film is doped to nearly 1 hole per repeat unit, the frontier of the valence band 
structure is expected to be dominated by the SOMO band.  Detailed calculations of the properties of the 
SOMO level in the gas phase is discussed in Section 4.3.5.  For p-doped TFB, the centre of SOMO band 
appears to lie at ca. –6.5 eV with an onset at ca. –6.0 eV.  Hence its work function can lie even deeper than 
its Ip of 5.4 eV.  For several other doped polymers also (e.g., p-doped mTFF counter-balanced by BArF– or 
SbF6–, p-doped PFB counter-balanced by BArF–), the work function is either very close to or exceeds the 
Ip.  Therefore it is clearly not true that p-doping must always cause polaron states to shift into the gap when 
measured from the vacuum level, as widely assumed.32  For the mTFF and pTFF polymers, it is peculiar 
than the doped π-band edge also appears only at a slightly deeper energy than in TFB, while the HOMO 
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edge itself shifts almost 1 eV.  This seems to be what is limiting the work function of these p-doped mTFF 
and pTFF films. 
 
 
Figure 4.13 Work function (φ) vs ionisation potential (Ip) for the two families of Txx and Pxx polymers p-doped with 
nitrosonium in solution, and counter-balanced with SbF6– or BArF–.  Closed symbols are for BArF– counter-balanced, 
open symbols for SbF6– counter-balanced films. The Txx series is marked in red and Pxx series in blue. The identity 
of the polymers can be looked up from Table 4.1. The doping level of the Pxx series is 1.0 hole per repeat unit, that 


















Figure 4.14 UPS spectra of the Txx series of copolymers plotted against binding energy measured from the vacuum 
level.  For each member of the series, the undoped polymer (red spectrum), and p-doped polymer counter-balanced 
by SbF6- (green) and BArF– (blue).  The spectra are measured on thin films prepared on Au-coated Si wafers. The 
short vertical bar indicated the Fermi level of the film. 
 


































Figure 4.15 shows the curve-fitted N1s core level spectra for p-doped mTFF. The N1s spectra has been 
fitted with the neutral and charged states as described in Section 4.3.3.  The agreement between this ratio 
and the XPS dopant ratio and UV-Vis-NIR polaron intensity confirms that the polaron is localised, as 
discussed in Section 4.3.3.  The smaller binding energy of the N1s level in the BArF– counter-balanced 
material suggests that the polaron hole density is lower here than in the SbF6– counter-balanced material.   
This has been generally observed for the other members of the Txx and also the Pxx series. It suggests the 







Figure 4.15 Curve-fitted N1s core level spectra for p-doped mTFF counter-balanced by (a) BArF– and (b) SbF6–.  The 
orange curve is for the neutral amine nitrogen atom, while the green curve is for the charged polaronic nitrogen atom.  
There is a large 1 eV downshift in the binding energy of the polaronic nitrogen for the BArF- counter-balanced film. 
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4.3.5 Quantum chemical calculation results on the triarylamine cation 
 
AM1 semiempirical calculations on 3-unit oligomers of the Txx and Pxx copolymer series show that both 
the HOMO of the neutral oligomer and also the polaron of the singly-charged oligomer are localised within 
a repeat unit centred on the nitrogen atom.  Therefore detailed calculations of the polaronic state were 
performed on a geometrically-optimised triarylamine molecular unit that is only slightly larger than a repeat 
unit of the corresponding polymer.  Figure 4.16 shows an example of this molecular unit, together with the 
atom labels.  The positive labels (1–20) are for the carbon atoms on the right molecular segment related by 
symmetry to the negative labels on the left.  For all calculations, the molecular structure (whether neutral or 
charged) was first fully geometrically optimised by the AM1 hamiltonian, and then the electronic structure 
was computed.  Convergence of the self-consistent field was assured by control of the keywords that define 
the self-consistent field calculations.  The neutral molecule was computed at the restricted Hartree–Fock 
level, while the singly-charged molecular cation was computed at the unrestricted Hartree–Fock level. 
 













Figure 4.17 shows the computed atom charge density on the molecular structure for the neutral molecule, 
and the singly-charged cation with the counter-ion centred at 5 and 10 Å away directly over the nitrogen 
along the local pseudo-C3 axis.  Two sets of calculations are shown, one for the TFB unit, and the other for 
the TDF unit.  In both neutral molecules, the N atom bears a slight negative charge (–0.25 e) due to its 
electronegative inductive effect.  Once a charge is removed, the calculations predict the N atoms acquires 
a positive charge (+0.08 e), with significant shift of positive charge density into the carbon atoms along the 
phenylene-fluorene-2,7-diyl framework (C2, C(–2), C4, C(–4), C8 and C(–8)), and also the pendant ring 
(C18, C19).  The “excess” positive charge of the carbon atoms decay quickly with distance from the 
nitrogen atom and is negligible for carbon atoms beyond label 8.  Therefore it is clear that AM1 calculations 
predict that the polaron hole density is quite strongly localised to the vicinity of the nitrogen atom, in 
agreement with UV-Vis-NIR spectroscopy and N1s XPS core-level spectroscopy.  There is little difference 
in the size of this polaron between the molecules representing TFB and TDF repeat units.  The lateral 
extension of the polaron along the π-conjugated backbone is about four phenylene rings in total. 
 
The calculations do reveal the hole density on nitrogen does depend on the counter-anion distance.  As the 
counter-anion approaches 5 Å of the nitrogen, the atomic charge on the nitrogen can increase by 10–20%.  
This is a remarkable result that shows that the counter-anion does in fact polarise the wavefunction of the 
polaron and alter its spatial extent slightly depending on distance.  This notion has often been neglected in 
the literature.  The result is also in remarkable (qualitative) agreement with the experimentally observed 
shift of the N1s core level of the p-doped state towards lower binding energy as the counter-anion is 





Figure 4.17 Atomic charge on different atoms for the singly-charged molecular unit of (a) TFB and (b) TDF.  Atom 0 







































Figure 4.18 shows the computed HOMO wavefunction for the TFB molecular unit, and the SOMO 
wavefunction for the TFB+ radical cation.  A remarkable feature that becomes very clear now is that 
although the HOMO is centred on the nitrogen (and extending over about four phenylene rings along the π-
conjugated backbone), the SOMO of the singly-charged cation is distributed away from the nitrogen.  This 
is because the hole polaron is located on the nitrogen and its vicinity, and so the electron is distributed 
away from this hole.  As a result, the energy of the SOMO may not be strongly affected by the CF3 
substituent on the pendant phenyl ring.  Therefore it emerges that while the HOMO energy is strongly 
influenced by the CF3 substitution and so shifts strongly to deeper energies across the Txx and Pxx series, 
the SOMO of the polaron is much less perturbed.  As a result, while the HOMO band edge of the undoped 
polymer and hence its Ip increases across the series, the π-band edge of the heavily doped polymer which 
is dominated strongly by the SOMO band edge is relatively constant.  This rationalises the anomaly 
discussed in Section 4.3.4. 
 
To check that this is the case, the SOMO energies of the TFB and TDF radical cations were computed as a 
function of counter-anion distance.  The computed SOMO energies were then corrected by an in-house 
“universal correction” to obtain the correct gas-phase ionisation energy.  Figure 4.19 shows the results of 
these calculations.  Clearly, while the Ip of the neutral TFB and TDF molecular units differs significantly, 
their SOMO energies of the radical cation state are practically identical.  Finally the shift in anion distance 
from 5 to 10 Å causes a 0.3–0.4 eV increase in energy of the SOMO, which is very close to the 
experimental results.  This difference is much smaller than that predicted by simple electrostatics of a point 








Figure 4.18 Wavefunction of neutral HOMO and polaron SOMO of the TFB molecular unit computed by AM1 








Figure 4.19 Computed dependence of the gas-phase SOMO energy of the TFB and TDF radical cation as a function 
of counter-ion distance.  The slope for infinite separation of the ion pair is given by simple electrostatics of point 
charges to be 1.44 eV Å, and has been marked on the diagram. 
 
In summary, we have obtained strong evidence that the work function of the p-doped Txx (and Pxx) series 
is dominated by the SOMO electronic state, rather than the HOMO electronic state as previously assumed, 
and is further tunable over a few tenths of an eV by the Madelung potential effect.  This result suggest a 
new strategy to control the work function of these triarylamine copolymers by tuning the energy of the 
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4.3.6 Ohmic injection from ultrahigh workfunction p-doped HIL into F8  
 
Devices were made with some of these p-doped HILs to investigate their hole injecting characteristics into 
model deep work function OSC F8 with Ip of 5.8eV.  
 
p-Doped mTFF (SbF6–) was made by solution-state doping as described in Section 4.2.2.  A 20-nm-thick 
film was spin-cast on RCA-SC1-cleaned ITO/ glass substrates in a nitrogen glovebox.  The work function of 
this film was measured to be 5.7 eV.  F8 was then spin-cast from toluene solution (10–15 mg/ mL) over this 
p-doped mTFF layer to give a thickness of 85 nm.  Devices were then completed with the evaporation of 
120-nm-thick Al as cathode.  Aluminium does not inject electrons significantly into F8.  Reference devices 
with a 60-nm-thick 1:16 PEDT:PSSH film as the HIL were also prepared.  The work function of this 
PEDT:PSSH film was measured to be 5.2 eV.   
 
Figure 4.20 shows the current density-voltage (JV) characteristics.  Four representative characteristics are 
shown for each type of diode.  There is clearly a three order of magnitude increase in current density over a 
wide voltage operation range when the PEDT:PSSH HIL is replaced by the p-doped mTFF film.  This 
improvement is also much larger than that observed with a ternary PEDT:PSSH:Nafion film (work function 





Figure 4.20 JV characteristics of hole-only devices:  (a) ITO/ PEDT:PSSH/ F8/ Al and (b) ITO/ p-mTFF/ F8/ Al.  Film 
thickness of the F8 is 85 nm. 
 
 
We have also compared the diode JV characteristics to those obtained with p-doped F8 (SbF6–) films as the 
HIL in F8 diodes.  A 20-nm-thick film of F8 was prepared on RCA-SC1-cleaned ITO/ glass substrates in a 
nitrogen glovebox and doped with nitrosonium hexafluoroantimonate by thin-film contact doping as 
described in Section 4.2.2.  F8 was then spin-cast from toluene solution (10–15 mg/ mL) over the p-doped 
polymer films to give various thicknesses.  Devices were then completed with the evaporation of 120-nm-
thick Al as cathode.  Reference devices with 60-nm-thick 1:16 PEDT:PSSH film as the HIL were also 



















































Figure 4.21 compares the electrical properties of the p-doped F8/ F8 contact and the PEDT/ F8 contact, for 
the devices with 75-nm-thick film of intrinsic F8.  The device with PEDT:PSSH as HIL again clearly shows 
inferior JV characteristics, as described previously, in this case with a large hysteresis.  In contrast, the p-
doped F8 layer gives a large improvement in the JV characteristics with no hysteresis.  The leakage current 
is also low.  
 
 
Figure 4.21 JV characteristics of hole-only devices:  ITO/ PEDT:PSSH/ F8/ Al (red curves) and ITO/ p-F8/ i-F8/ Al 
(orange curves).  Inset:  Energy level diagram based on electromodulated absorption spectroscopy determination of 









































To determine the energy-level alignment, we measured the built-in potential Vbi by electromodulated 
absorption (EA) spectroscopy using a home-built rig.33,34  Figure 4.22 shows our EA setup.  In this method, 
an ac bias superimposed on a dc bias is applied to the device, and the reflection spectrum is collected, and 
demodulated as a function of wavelength to give the normalised modulated reflectance spectrum after 
normalisation by the dc spectrum (∆R/R).  These spectra are plotted for different dc bias, and the Stark 
peak interpolated to the background to evaluate the dc bias at which the Stark signal disappears.  This 
gives the required applied dc bias for the zero internal field condition, i.e., flatband condition, in the diode, 
which directly gives the Vbi of the diode.  
 
 

















The Vbi for the device with the PEDT:PSSH as HIL is 1.85 V, which is exactly what is expected for vacuum-
level alignment at the PEDT/ F8 interface (see Figure 4.21).  This gives rise to a thermodynamic barrier to 
hole injection of 0.6 eV.  The surprising result is that the device with the p-doped F8 as HIL also gives the 
same Vbi  of 1.85 V.  This means that there is also an apparent 0.6 eV hole-injection barrier, arising from a 
0.45-eV vacuum level offset.  This suggests there is hole transfer across the doped contact.  Nevertheless 
this experiment provides the first indication that a large apparent barrier at the injection contact is still 
compatible with good injection if the contact is doped.  In other words, the apparent hole-injection barrier, 
and the related Vbi are not adequate predictors of the quality of contact as previously assumed.  It appears 
that here even though the apparent hole injection barrier is large, the presence of a heavily δ-doped F8 
layer, which sets up the interface dipole that makes the apparent hole-injection barrier large in the first 
place, is sufficient to drive that contact to ohmic behavior.33  This result is robust, as it has appeared in 
other doped contacts that I have measured. 
 
Figure 4.23 shows the log–log plot of current density vs forward bias above flatband, i.e., V – Vbi, for 
devices with the p-doped F8/ i-F8 hole-injection contact and different thicknesses of the i-F8 layer (40, 130 
and 170 nm), and a non-injecting cathode (Al).  This is a classic test for space-charge-limited-currents 
(SCLC).  The HIL is kept the same, 20nm of p-doped F8.  The JV curves reveal the ideal power-law 
behaviour with the correct scaling as the inverse of the cube of film thickness.  This demonstrates that 
SCLC has been attained, and the hole-injection contact is indeed ohmic, even for a 40-nm-thick i-F8 film. 
 
Repeat scans for the current–voltage characteristics did not suggest evidence of severe counter-ion 
migration.  The diodes can be repeatedly measured over weeks and cycled between 30 and 298 K, so the 
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doped profiles have sufficient stability for further investigations.  Thus the simple p-doped HILs here provide 
a good model system to study the physics of ultrahigh work-function contacts.   
 
 
Figure 4.23 Log–log JV characteristics of ITO/ p-F8/ i-F8/ Al diodes plotted against the forward bias voltage above 
flat band, i.e., V–Vbi. 
 
Following the ideas described here, we expect that a reliable doping procedure can also be developed for 
an electron injection layer (EIL) at the cathode contact.  If so, this can significantly improve the efficiency of 
electron injection.  With the continued development of the bis(fluorophenyl azide) photocrosslinking 
methodology, we anticipate that both electron blocking layer and hole blocking layer can eventually be 
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sophisticated exciton confinement and charge carrier confinement that will further improve luminance 




We have demonstrated ohmic injection to a polymer organic semiconductor with deep work function HIL by 
simply providing a high work-function contact that is now available through several routes via doping of the 
HIL.  Stable p-doped HILs with deep work functions up to 6 eV are now available.  New aspects of the 
semiconductor device physics of doping and of energy-level alignment at the doped contacts are suggested 
by the results described here, which will be pursued in further work.  In particular we have evidence now 
that doping does not always lead to shifting of states into the gap with respect to vacuum level, so it is 
possible to achieve work function that is close to or even larger than the ionisation potential of the neutral 
material.  This is related to the energy of the SOMO and its stabilisation or destabilisation by the Madelung 
potential which can be tuned.  This opens new approaches to the design of ultrahigh work function 
materials.  Secondly, doped contacts can exhibit apparently large thermodynamic barrier to hole injection, 
yet can still provide ohmic injection, because of the participation of the δ-doped carrier density at the 
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